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ABSTRACT 


A sununer  design  study  group  consisting  of  twelve  participants  and  a 
technical  director  studied  various  aspects  of  the  present  and  future 
Interaction  of  wind  tunnels  and  computers.  This  study  was  conducted  under 
the  sponsorship  of  Air  Force  Office  of  Scientific  Research  at  The  University 
of  Tennessee  Space  Institute  with  the  support  and  assistance  of  the 
Arnold  Engineering  Development  Center  and  its  operating  contractor,  ARO,  Inc. 
Guidance  was  provided  by  a government/university  steering  committee  selected 
by  AFOSR. 

The  study  group's  procedure  on  this  broad  topic  was  the  following: 

A.  Technical  presentations  by  specialists  from  UTSI, 

AEDC,  and  ARO  for  basic  background  information. 

B.  In-depth  presentations  by  technical  specialists  from 

1.  The  Aerospace  Industry 

2.  The  Computer  Industry 

3.  Government 

4.  Universities 

C.  Detailed  discussions  with  these  speakers  by  one  or 
more  of  the  three  working  panels  into  which  the  summer 
design  group  was  divided: 

1.  Experimental  Facilities  Panel 

2.  Computational  Fluid  Dynamics  Panel 

3.  Computer  Design  Panel 

D.  Extensive  literature  search  and  development  of  a large 
bibliography;  collection,  review  and  summary  of  a 
mass  of  reports. 

E.  Regular  discussion  activity  by  the  individual  working 
panels  and  the  design  group  as  a whole  to  produce 

a written  report  of  the  findings. 

F.  Several  meetings  with  the  steering  group  to  provide 
review  and  guidance. 
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The  scope  of  the  investigation  was  narrowed  in  order  to  proceed  in 
greater  depth.  The  subject  of  propulsion  tests  was  excluded.  Emphasis 
was  given  to  the  subsonic  and  transonic  regimes  at  the  expense  of  the 
supersonic  regime  and  the  near  exclusion  of  the  hypersonic  region. 
Considerable  emphasis  was  given  to  the  following  areas: 

A.  Understanding  the  areas  of  agreement  and  disagreement 
between  theoretical  and  experimental  activity  in 

the  areas  of: 

1.  Boundary-layer  modeling 

2.  Determination  of  transition  location 

3.  Separated  flow  phenomenon 

B.  Progress  and  potentials  of  new  techniques  for 
Improvements  in  flow  qualities  of  wind  tunnels  by 
a synergic  application  of  computer  closed-loop 
controls,  mechanical  adjustments  of  tunnel 
physical  parameters,  and  new  noninterference  methods 
of  measurements. 

C.  The  present  and  future  potential  for  the  fast- 
developing  field  of  computational  fluid  dynamics. 

D.  Estimates  of  computer  requirements  to  support  the 
various  integration  activities  and  investigation 

of  future  potentials  for  advanced  high-speed  computers. 

In  the  course  of  the  study  a number  of  conclusions  and 
recommendations  were  reached,  and  these  are  summarized  in  a separate 
section  of  Volume  I and  are  presented  in  detail  together  with  the  supporting 
Information  and  references  within  a body  of  the  main  report  in  Volume  II. 

It  is  concluded  that  this  study  of  wind  tunnels  and  computers  was 
very  worthwhile,  that  the  activity  was  of  great  value  to  the  participants, 
and  that  the  results  will  be  of  value  and  Interest  to  the  sponsor. 
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COMMENTS  BY  THE  STEERING  COMMITTEE 


This  report  is  the  result  of  an  unusual  educational  experiment: 
a set  of  young  people  in  academic  positions  ranging  from  mathematics  to 
engineering  spend  the  summer  months  at  UTSI  for  the  purpose  of  arriving 
at  a common  point  of  view  on  the  interrelations  between  computers  and 
wind  tunnels.  Their  task  was  not  easy:  they  had  to  become  fast  experts 
in  a field  of  strongly  held  and  divergent  opinions.  A large  amount  of 
factual  Information  presented  by  lecturers  from  the  engineering  and 
computing  communities  had  to  be  absorbed,  put  into  context,  and  synthesized 
into  a coherent  picture.  We  feel  that  this  task  was  well  accomplished 
and  that  their  report  will  prove  useful  to  others  in  understanding  the 
relative  rolls  of,  and  constructive  relationships  between,  computers  and 
wind  tunnels.  We  take  this  opportunity  to  commend  the  members  for 
their  quick  assimilation  of  facts  and  philosophies  about  a complex 
relationship,  and  for  the  long  hours  they  devoted  to  preparing  their 
report,  resulting  in  a very  respectable  contribution.  The  task  would 
have  been  much  more  difficult,  if  not  impossible,  without  Professor  Bernard 
Mars chner  whose  untiring  efforts  to  coordinate  and  guide  the  study  were 
crucial  for  its  success.  Last  but  not  least,  the  contribution  of  Dr.  Robert 
Young,  Associate  Dean  of  the  University  of  Tennessee  Space  Institute, 
should  be  acknowledged.  He  was  the  guiding  spirit  in  getting  the  study 
under  way  and  in  providing  the  appropriate  academic  setting  for  its 
execution. 


Dr.  Hans  W.  Llepmann,  Chairman 
Steering  Committee 
November  14,  1977 
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1.0  INTRODUCTION 


1.1  STATEMENT  OF  THE  DESIGN  PROBLEM 

The  design  problem  that  was  selected  was  the  general  area  of  the 
interaction  between  developments  In  computers  and  the  obtaining  of  design 
data  from  wind  tunnels.  The  rather  broad  scope  of  this  topic  made  It 
necessary  to  restrict  the  consideration  of  the  study  to  the  following 
areas : 

1.  Control  of  the  Tunnel  Parameters  for  Wind  Tunnel  Tests 

2.  Control  of  Model  Parameters 

3.  Improvements  In  Tunnel  Slmilation  Qualities 

4.  Computational  Fluid  Dynamics  In  the  Design  Cycle 

Even  in  the  consideration  of  these  four  elements,  certain  compromises 
were  made  since  the  basic  aim  was  to  attempt  a rather  in-depth  review  of 
the  literature  and  to  study  a restricted  subset  of  the  problem  rather 
than  to  try  to  cover  all  aspects  of  the  field.  Consequently,  the 
area  of  propulsion  testing  was  not  covered.  The  emphasis  on  the  flow 
regimes  was  directed  toward  the  subsonic  and  transonic  regimes  at  the 
expense  of  the  supersonic  regime  and  to  the  almost  total  exclusion  of 
the  hypersonic  regime. 

The  selection  of  the  participants  was  done  by  national  advertisement 
under  the  aegis  of  the  American  Society  for  Engineering  Education  in 
conjunction  with  programs  that  the  association  conducts  on  an  annual  basis 
with  NASA,  and  with  a complementary  program  that  the  association  conducts 
with  the  Air  Force  and  The  University  of  Tennessee  Space  Institute. 
Abbreviated  vitae  of  the  participants  and  the  technical  director  are 
presented  in  Appendix  IV. 

The  individuals  in  the  Summer  Study  Group  came  from  backgrounds 
ranging  from  experimental  aerodynamics  to  mathematics.  The  experience 
level  of  the  participants  varied  considerably. 
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1.2  STEERING  COMMITTEE 


The  Air  Force  Office  of  Scientific  Research  selected  a Steering 
Committee  comprised  of  the  following  individuals; 

*Dr.  Hans  Llepmann,  Chairman  ....  Director,  Graduate  Aeronautical 

Laboratories 

California  Institute  of  Technology 
Pasadena,  CA  91125 


*Dr.  Gary  T.  Chapman Aerodynamic  Research  Branch,  Code  FAR 

NASA- Ames  Research  Center 
Moffett  Field,  CA  94035 

*Dr.  Wilbur  Hankey  Air  Force  Flight  Dynamics  Laboratory 

AFFDL/FXM 

Wrlght-Patterson  AFB,  OH  45433 

*Dr.  David  McIntyre Air  Force  Weapons  Laboratory/AD 

Klrtland  AFB,  NM  87117 

*Dr.  Richard  Seebass  ........  Department  of  Aerospace  Engineering 

University  of  Arizona 
Tucson,  AZ  85721 


1.3  OBJECTIVES 

The  objectives  of  the  study  were  agreed  upon  between  the  sponsor, 
the  Steering  Committee,  and  The  University  of  Tennessee  Space  Institute. 
An  outline  of  the  objectives  Is  presented  below: 

1.  To  provide  a design  study  experience  on  a realistic 

and  pertinent  engineering  subject  for  the  faculty  participants. 

2.  To  ascertain  the  current  status  of  experimental  aerodynamic 
facilities  and  test  methods  and  the  current  status  of 
aerodynamic  computational  methodologies  and  computer  systems. 

3.  To  prepare  an  estimate  of  future  developments  In  experimental 
and  computational  aerodynamics  consistent  with  projected 
design  needs,  with  special  emphasis  on  the  Impact  of  the 
next  generation  of  experimental  and  computational  facilities. 

4.  To  explore  means  of  obtaining  and  Improving  aerodynamic 
data  by  developing  concepts  for  Integrated  use  of 
computers  and  wind  tunnels . 

5.  To  prepare  the  faculty  participants  to  make  future 
contributions  In  the  area  of  experimental  and 
computational  aerodynamics 
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1.4  METHODOLOGY:  An  outline  of  the  methodology  is  presented  below. 

1.  A review  of  current  literature  in  the  following  three  areas 
will  be  made: 

a.  Experimental  facilities  and  methodology  for  wind  tunnel 
testing  of  advanced  militajry  air  vehicles 

b.  State-of-the-art  in  computational  fluid  mechanics 
and  aerodynamics 

c.  Design  trends  of  computer  architecture  and  computer 
implementation  techniques  as  they  pertain  to 
computational  aerodynamics  and  wind  tunnel  testing. 

2.  Material  will  be  presented  by  contributors  in  the  three  fields 
under  consideration  to  aid  in  the  understanding  of  computational 
and  experimental  aerodynamics. 

3.  A brief  written  assessment  of  the  current  status  of  three  areas 
will  be  prepared. 

4.  A written  estimate  will  be  made  of  future  trends,  capabilities, 
and  limitations  for  the  interaction  between  computational 
aerodynamics,  experimental  aerodynamics,  and  advanced  computer 
design  and  implementation. 

5.  Study  participants  will  present  reviews  of  current  technical 
reports  in  the  three  areas. 

Careful  understanding  of  the  methodology  is  important  to  the  under- 
standing of  the  preparation  of  the  report.  During  the  report  period  no 
new  research  was  accomplished.  The  basic  working  method  of  the  project  was 
to  have  presentations  from  a wide  variety  of  representatives  in  the  field, 
collect  a large  bibliography,  obtain  a rather  large  collection  of  reports, 
and  read,  summarize,  and  review  a large  cross  section  of  these  reports. 

From  this  activity  the  write-up  was  based  on  1)  a synthesis  of  remarks  from 
many  sources,  2)  the  general  impression  which  was  left  by  a number  of  the 
speakers,  and  3)  an  overall  assessment  by  the  panel. 

The  final  report  of  the  summer  design  study  is  presented  in  two 
volumes.  The  first  of  these  is  a summary  report,  and  the  second  contains 
the  details  of  the  work  accomplished  by  the  design  panel.  The  majority 
of  the  write  up  of  the  individual  sections  of  the  report  was  done  in  a 
concentrated  fashion  by  the  use  of  a working  panel  arrangement. 
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Section  2.0  of  Volume  II  was  written  by  the  Experimental  Design/Wind 
Tunnel  Working  Panel,  which  consisted  of: 

1.  Frank  G.  Collins,  Chairman  - Associate  Professor, 

Aerospace  Engineering 

2.  Salvador  R.  Garcia  - Professor,  Engineering  Systems 

3.  Michael  H.  Jones  - Assistant  Professor,  Engineering 

4.  Carlos  Tlrres  - Assistant  Professor,  Engineering 

Section  3.0  of  Volume  II  was  written  by  the  Computational  Fluid  Dynamics 
Panel,  which  consisted  of: 

1.  Sln-I  Cheng,  Chairman  - Professor  of  Aerospace  Sciences 

2.  Donald  A.  Chambless  - Assistant  Professor,  Mathematics 

3.  James  L.  Jacocks  - ARO,  Inc. 

4.  Vireshwar  Sahal  - Associate  Professor,  Engineering  Science 
Section  4.0  of  Volume  II  was  written  by  the  Computer  Systems  Panel, 

which  consisted  of: 

1.  William  A.  Hornfeck,  Chairman  - Assistant  Professor, 

Electrical  Engineering 

2.  L.  Eugene  Broome  - Professor,  Mathematics 

3.  James  R.  Cunningham  - Assistant  Professor,  Mathematics 

4.  Gregory  M.  Dick  - Assistant  Professor,  Division  of  Engineering 

Technology 

Each  of  the  sections  2.0,  3.0,  and  4.0  begins  with  a tutorial  type 
of  presentation  in  order  to  provide  the  reader  with  appropriate  background 
material  which  will  place  each  panel's  presentation  in  the  proper  perspective. 
Readers  who  are  specialists  in  a given  area  may  skim  this  material  with  ease. 
It  was  felt  a review  of  the  present  status  of  wind  tunnels  was  necessary 
in  order  to  ascertain  the  future  role  of  computers  in  this  field.  Similarly, 
a review  of  the  present  state  of  computational  fluid  dynamics  was  conducted 
in  order  that  an  assessment  of  its  role  in  the  design  cycle  could  be  made. 
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2.0  WIND  TUNNEL  TESTING 


2.1  INTRODUCTION 

2.1.1  Historical  Perspective 

Aerodynamic  wind  tunnel  test  facilities  are  used  extensively  for  the 
development  of  aeronautical  systems.  Since  the  Wright  Brothers  constructed 
their  timnel  in  1901,  the  development  of  wind  tunnel  facilities  has  usually 
preceded  improved  flight  vehicles  (Ref.  2.58).  Wind  tunnels  are  the 
best  simulators  (analogue)  of  the  Navier-Stokes  equations  and  provide  the 
primary  data  for  predicting  flight  performance.  Furthermore,  wind  tunnel 
data  are  very  repeatable,  and  their  quality  is  continually  upgraded.  However, 
the  existing  wind  tunnel  capabilities  are  now  being  taxed  to  their  limits 
as  closer  design  margins  are  demanded  for  the  development  of  new  aero- 
nautical systems.  Moreover  there  is  in  a sense  a false  confidence  in  the 
simulation  accuracy  of  wind  tunnel  data;  but  this  situation  can  be  greatly 
alleviated  by  Integration  of  computers  and  wind  tunnels. 

Currently  computers  used  with  wind  tunnels  have  increased  the  degree 
of  sophistication  available  for  testing  new  aeronautical  systems  (Refs. 

2.23,  2.48,  and  2.67).  Both  quantity  and  quality  of  data  have  been  increased 
to  meet  the  new  demands.  These  current  integrated  tunnel/computer  systems 
are  discussed  in  detail  in  Section  2.4.  In  addition,  there  is  a great 
potential  for  further  integration  that  should  provide  significant 
improvements  in  aerodynamic  test  capabilities  and  simulation  accuracy. 

This  potential  is  discussed  in  more  detail  in  Section  2.7. 

In  assessing  the  value  of  wind  tunnel  data  in  the  design  process, 
one  must  consider  the  cost  of  the  wind  tunnel  test  relative  to  the  cost 
of  the  total  system.  For  example,  the  total  R & D cost  for  an  aircraft 
can  be  divided  into  the  itemized  costs  for  airframe  design,  airframe  wind 
tunnel  testing,  propulsion  design,  propulsion  testing,  avionics,  etc. 

It  is  estimated  that  the  cost  for  wind  tunnel  tests  for  the  typical 
aircraft  is  only  about  2 percent  of  the  total  R & D cost,  and  this  percentage 
decreases  compared  to  the  total  cost  as  the  number  of  aircraft  produced 
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increases.  Although  this  cost  is  small  relative  to  the  total  system  cost, 
it  is  a critical  item  which  plays  a vital  part  during  the  embyronic  stages 
of  the  new  aircraft  (see  Section  2.2).  Therefore,  aerodynamic  test 
facilities.  Integrating  wind  tunnel  and  computers,  will  continue  to 
provide  vital  design  Information  for  aeronautical  systems  of  the  foreseeable 
future. 

2.1.2  Overview 

This  chapter  will  lay  the  foundation  for  the  requirements  and 
recommendations  on  future  integration  of  wind  tunnels  and  computers.  The 
current  status,  current  requirements,  planned  developments,  and  future 
needs  for  Integrated  wind  tunnels  and  computers  are  discussed.  Recommenda- 
tions, observations,  conclusions,  summaries,  or  position  statements  are 
given  in  Italics  in  each  section  of  this  chapter  when  appropriate.  Much 
of  the  material  in  Sections  2.2  through  2.4  is  tutorial  and  may  be  omitted 
if  the  reader  is  familiar  with  the  current  wind  tunnel  situation.  The 
following  sections  are  included  in  this  chapter: 

2.2  Impact  of  Tunnel  Testing  on  the  Design  Process 

2.3  Current  Status  of  Experimental  Aerodynamic  Facilities  and 
Test  Methods 

2.4  Current  Use  of  Computers  in  Wind  Tunnel  Testing 

2.5  Future  Developments  in  Experimental  Aerodynamic  Facilities 
and  Test  Methods 

2.6  Calibration  and  Benchmark  Experiments 

2.7  Future  Integrated  Use  of  Computers  and  Wind  Tunnels 
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2=2  IMPACT  OF  TUNNEL  TESTING  ON  THE  DESIGN  PROCESS 


2.2.1  Overview 

Since  the  time  of  the  Wright  Brothers,  the  wind  tunnel  has  been  the 
place  where  aeronautical  systems  have  been  developed.  The  number  of  testing 
hours  required  in  a wind  tunnel  has  increased  steadily  with  the  growing 
complexity  and  sophistication  of  aeronautical  systems  (Fig.  2.1).  More 
data  and  test  points  have  been  required  for  each  new  system.  This  trend 
obviously  cannot  continue  unabated  or  the  next  generation  of  aircraft 
will  never  be  developed  in  time  to  be  useful.  The  apparent  need  for  more 
test  data  will  be  addressed  later  in  this  section.  The  fact  remains, 
however,  that  tunnels  have  been  the  most  important  of  all  tools  for  aircraft 
design  and  development. 


TIME,  year 


Fig.  2.1  Total  Wind  Tunnel  Test  Hours  for  Development 
of  Various  Aircraft  (Ref.  2.141) 
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The  computers  by  contrasts  has  not  had  an  Impact  on  aerodynamic 
design  until  recently.  For  examples  the  C-141  was  designed  with  5,315 
hours  of  tunnel  testing  and  1 hour  of  computer  wing,  designs  and  the  C-5A 
was  designed  with  14,000  hours  of  tunnel  testing  and  5 hours  of  computer 
wing  design  (Ref.  2.141).  In  the  future  howevers  the  computer  will  make 
a continuously  increasing  contribution  to  the  design  process  and  will 
have  a decided  impact  by  reducing  the  number  of  required  tunnel  tests. 

This  will  take  place  as  more  computational  techniques  are  validated  and 
computer  speeds  and  sizes  are  Increased. 

The  tunnel  testing  co^ti,  although  veAy  high,  om.  matt  oompafied  to 
the.  total.  OAJLCAa^t  R B V oA.  j^£e.et  costs . Tunnel  aerodynamic  (not  including 
propulsion)  testing  costs  were  0.4  percent  of  the  C-5A  fleet  cost  (Ref. 
2.193).  The  cost  of  propulsion  testing  is  usually  higher  than  that  of 
aerodynamic  testing,  and  the  cost  of  flight  testing  is  higher  still.  For 
example,  1,500  flight  test  hours  are  required  to  certify  a commerical 
transport  (Ref.  2.30). 

Although  tunnel  testing  costs  are  small  compared  to  total  development 
costs,  the  tunnel  tests  are  of  great  Importance  for  proper  vehicle  design. 
The  benefits  from  testing  usually  far  outweigh  their  cost.  It  has  been 
estimated  that  a reduction  of  one  drag  count  through  geometric  modifications 
suggested  by  tunnel  tests  could  save  an  amount  equal  to  the  total  testing 
costs  for  the  C-5A  (fuel  coat  savings  over  the  life  of  the  fleet)  (Ref. 
2.193).  More  emphasis  will  be  placed  on  fuel  savings  in  the  future 
(Ref.  2.102),  and  the  wind  tunnel  will  be  used  to  find  ways  to  reduce 
aircraft  drag. 

The  steady  increase  in  tunnel  testing  is  really  dictated  by  the 
desire  of  the  government  to  obtain  a weapon  system  with  performance  in  the 
"last  5 percent  possible."  The  possibility  of  failing  to  meet  initial 
performance  goals  is  therefore  great.  The  survey  results  of  Mitchell 
(Ref.  2.115)  reveal  a number  of  Important  facts  concerning  the  origin 
of  the  test  plan  for  a system  development. 
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As  shown  In  the  survey,  the  test  plan  (number  of  tests,  type  of  tests, 
models,  facilities  to  be  used,  measurement  accuracy  required)  Is  usually 
prepared  by  a potential  contractor  as  a part  of  his  proposal.  Test  plan 
details  are  not  emphasized  when  a bid  Is  evaluated,  but  a contractor  does 
not  want  to  appear  deficient  by  requesting  too  many  tests  in  an  area  where 
problems  are  expected.  Those  who  did  respond  to  Mitchell's  survey  Indicated 
that  they  thought  that  a decrease  In  the  number  of  tunnel  tests  would  increase 
the  technical  risk  of  the  proposed  development,  but  that  the  number  of  tests 
was  nevertheless  decreased  to  lower  the  bid  price.  However,  It  was  also 
thought  that  the  test  plan  was  not  important  for  awarding  the  contract. 

This  method  of  determining  the  test  plan  leads  to  an  inefficient  use  of 
tunnel  testing;  too  few  tests  are  run  In  problem  areas  which  arise  as  the 
development  program  proceeds,  too  many  tests  are  run  In  other  areas,  and 
probably  not  enough  testing  Is  accomplished  early  In  the  program. 

An  additional  point  of  Interest  Is  the  fact  that  a company  with  their 
own  wind  tunnels  was  agreed  to  have  a competitive  edge  over  companies 
without  tunnels.  However,  there  Is  a trend  toward  the  use  of  government 
facilities. 

Mitchell  (Ref.  2.115)  examined  35  aircraft  development  programs. 
Eighty-four  percent  of  these  aircraft  experienced  deficiencies  in  the  flight 
evaluation.  The  respondents  agreed  that  more  and  earlier  testing  could 
have  prevented  these  problems . Although  the  respondents ’ comments  reflect 
the  desire  to  lessen  the  ultimate  design  risk,  their  proposed  solution  must 
be  challenged.  Certainly  a more  judicious  test  plan  will  yield  a better 
designed  aircraft,  but  this  can  be  done  with  fewer  tests,  not  more.  Also, 
some  of  the  program  failures  can  be  related  to  a lack  of  simulation  accuracy 
(not  repeatability)  In  the  tunnel.  The  U6e  0^  COmputeU  iOH,  tUt  planning, 
Intelligent  mil,  and  tunnel  eontaoli  mil  oMlit  In  le6.6enlng  the  probability 
oi  ^alluAe  to  meet  aircraft  design  goals  In  the  future. 

The  risks  Involved  from  poor  tunnel  test  results  cannot  be  over- 
emphasized. For  example,  uncertain  scale  effects  (lack  of  Reynolds 
number  simulation)  such  as  occurred  In  the  C-141  program  (Refs.  2.71  and 
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2.185)  cause  conservative  design  and  limit  potential  aircraft  advances  in 
performance  and  efficiency  (Ref.  2.77).  Bowes  (Ref.  2.30)  comments  that 
"...the  ability  of  the  designer  to  promise  a performance  capability  and  of 
the  airplane  to  meet  this  promise  has  been  a dominant  factor  in  the  success 
or  failure  of  individual  programs."  Proper  simulation  in  the  tunnel  is 
mandatory  for  a successful  program  (Ref.  2.185).  OjJ  tke.  -ImpoAtanc^ 

0^  tunnel  testing  tn  the  eventual  -6ucaeA.6  a pfLognam  and  tke  n.eZattveZy 
maZl  testing  ao^t,  eveAy  eiiont  should  be.  made,  to  aontlnuoiHity  tmpfiove.  the 
tunnzt  ^dmutatton  ac.C.U/Lac.y.  simulation  improvement  should  also  assist  in 
reducing  the  number  of  needed  testa.  Even  with  the  increasing  use  of  the 
computer  for  analysis  there  will  continue  to  be  a need  for  tests  in  a high 
quality  wind  tunnel  (see  Section  2.7). 

Success  or  failure  of  a flight  vehicle  can  depend  upon  how  well  the 
wind  tunnel  data  can  be  extrapolated  to  flight  conditions  to  predict  the 
actual  performance.  Extrapolation  procedures  are  validated  by  comparison 
with  previous  tunnel/flight  test  correlations.  Therefore,  new  designs  are 
frequently  only  Incrementally  different  from  previous  ones  where  the  tunnel/ 
flight  correlation  is  well  known. 

An  example  of  the  success  of  incremental  testing  is  the  series  of 
aircraft  that  began  with  the  B-47.  This  aircraft  was  the  beginning  of 
a line  of  aircraft  that  changed  in  an  evolutionary  manner.  Each  aircraft 
had  a performance  greater  than  the  previous,  as  measured  by  the  transonic 
range  parameter  ML/D  (Ref.  2.30).  Incremental  testing  is  very  valuable 
for  improving  the  performance  of  existing  aircraft.  Only  incremental 
differences  from  an  existing  model  need  to  be  determined  by  tunnel  tests; 
thus,  only  tunnel  test  repeatability  (l.e.,  precision)  is  required. 

Incremental  testing  is  essentially  conservative  and  can  lead  to 
the  continuation  of  low  design  standards,  nonoptlmal  performance,  and  bad 
ttmnel  measurement  practices  (Ref.  2.32).  Also  often  nonincremental 
advances  need  to  be  made  (e.g.  , the  B-52  to  the  B-58)  . In  the  lutuAe  tkeJie 
wttt  be  le^6  HjeqvuAement  tncAejmentaZ  testing  and  moAe  deteAmtning 
ab.&oi.ute  mea&UAement6,  This  will  require  improvements  in  tunnel  simulation 
accuracy  (see  Section  2.3.4)  and  elevated  standards  of  test  design, 
execution,  and  analysis  (Ref.  2.32). 
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Computational  techniques,  validated  by  well  performed  experiments, 
will  play  an  Increasingly  Important  role  In  the  aircraft  development 
process.  Computational  techniques  are  particularly  suited  for  optimization 
procedures  and  can  perform  much  of  the  task  formerly  done  by  Incremental 
testing.  This  will  occur  particularly  as  designers  gain  confidence  In 
the  techniques  (Ref.  2.42).  This  possibility  Is  discussed  In  Section 
2.7.3.  There  will  be  a desire  to  minimize  the  design  risk  by  utilizing 
a balance  between  computations  and  experiment.  Computations  will  not  be 
able  to  handle  all  geometries  In  the  near  future,  and  some  important 
design  aspects,  such  as  the  wing-fuselage  Interaction,  will  continue  to 
be  examined  In  the  tunnel  (Ref.  2.139).  In  addition  there  will  be  an 
ever-increasing  need  for  the  use  of  model/flight  test  correlations  to 
measure  the  simulation  accuracy  in  wind  tunnels.  ComputcutLon6 , hoiA)e.V2A., 

Witt  wake,  a ^Ignt^^taant  aont^Ubution  by  attowtng  moA.e  deAtgn  by  anaty^ts. 

2.2.2  Preliminary  Design  Phase 

The  development  of  an  aerospace  vehicle  can  be  divided  into  three 
phases  (Ref.  2.139):  the  preliminary  design  phase,  the  project  definition 
phase,  and  the  flight  test  phase.  As  will  be  demonstrated,  the  wind  tunnel 
plays  an  Important  role  In  each  phase. 

In  the  initial  phase  of  a vehicle  development  program,  the  design  Is 
presently  based  primarily  on  empirical  methods  resulting  from  accumulated 
tunnel  and  flight  data  obtained  on  a variety  of  similar  configurations, 
with  parametric  corrections  to  account  for  variations  between  the  configura- 
tions. The  tunnel/flight  cortelatlon  results  are  highly  proprietary  and 
become  a significant  part  of  a company's  "know-how"  (Ref.  2.30). 

Fast  performance  estimates  for  engineering  outlines  which  are  lacking 
In  detail  are  needed  at  this  stage.  However,  the  techniques  used  must  be 
accurate  enough  to  allow  correct  evaluation  of  the  alternative  configurations. 
In  particular,  this  requires  very  careful  and  complete  flight  tests  so 
that  the  effect  of  various  vehicle  components  and  their  mutual  Interference 
can  be  ascertained.  This  type  of  flight  testing  is  very  expensive  (see 
Ref.  2.30  for  a more  complete  discussion). 
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Semieirolrlcal  numerical  codes  are  sometimes  used  at  this  stage, 
especially  for  supersonic  aircraft  and  hypersonic  reentry  vehicles 
(Ref.  2.205).  The  primary  design  tool  is  the  tunnel  and  the  computational 
results  are  presently  used  to  verify  or  extend  the  tunnel  results  (see 
Section  2.4.4).  Reentry  vehicles  must  be  designed  to  great  accuracies 
and  are  now  pushing  simulation  accuracy  Improvements  in  the  wind  tunnel 
(Ref.  2.205).  More  complete  numerical  codes  will  be  used  in  the  future. 

There  appears  to  be  a definite  need  for  the  development  of  vehicle 
components  (airfoils,  for  example)  and  concepts  Independent  of  any  particular 
weapon  system.  Such  work  would  add  another  source  of  data  upon  which  the 
preliminary  design  of  a vehicle  which  is  not  Incrementally  related  to  any 
previous  vehicle. 

Although  this  stage  presently  relies  primarily  upon  previous  tunnel 
teats  and  flight  test  correlations,  computational  techniques  are  already 
having  an  Impact  on  the  optimal  design  of  individual  components,  such  as 
wings.  U4e  o<5  computcitconal  tzchnlqaeA  {tiWL  XncAeMe,  and  tkoAoJay  koZp 
zLanlnatz  tkz  Aztcanaz  upon  zxpoMlzncz  obtained  iaom  pKzvlouA  tunnoX  and 
illQhX  on  gzom^XnicjoLiy  ^XirUZaA.  ookidLoM. 

2.2.3  Project  Definition  Stage 

This  stage  Involves  intensive  computational  and  experimental  research 
and  development  on  selected  main  design  aspects,  using  models  generally 
representative  of  the  proposed  design.  There  is  concern  with  accuracy 
(of  the  final  design  prediction)  from  this  point  onward  in  the  program 
(Ref.  2.30).  Any  design  modifications  tested  in  the  tunnel  before  the 
vehicle  reaches  the  flight  test  stage  provide  benefits  usually  far  exceeding 
the  tunnel  costs  (Ref.  2.193). 

Only  a finite  amount  of  tunnel  testing  time  is  specified  in  the 
test  plan  (see  Section  2.1.2),  and  it  invariably  happens  that  the  period 
of  testing  has  expired  before  the  design  has  been  optimized.  Because  of 
the  time  required  to  make  model  modifications,  only  several  configurations 
can  really  be  examined  (Ref.  2.42).  Therefore,  means  must  be  used  to 
optimize  the  configuration  quickly  and  early  in  the  development  program. 
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Also,  more  flexibility  is  needed  in  the  text  plan.  Mistakes  found  at 
this  stage  are  of  much  less  consequence  than  those  found  in  the  flight  test 
stage.  In  tka  ^wtu/LZ,  aompivtcLtconal  te.chyUqu&6  can  by  dcteAirUning 

most  the  pe/L^oamance  chaaacte/Ustics , leaving  the  tunnel  to  vealiy 
the  computations  and  to  examine  cAitical  pea^oamance  oAeas. 

While  it  is  relatively  easy  to  examine  various  configuration  geometries 
on  the  computer,  it  is  very  difficult  to  do  so  in  the  tunnel.  An  exception 
is  through  the  use  of  wax  models,  aided  by  oil  flow  visualization,  in  low- 
speed  wind  tunnels  or  water  tunnels.  Because  many  aspects  of  separation  are 
qualitatively  the  same  at  all  Mach  numbers  (Ref.  2.187),  the  technique  has 
been  used  with  great  success  for  reducing  the  drag  of  transonic  transports 
and  with  somewhat  less  success  on  fighters.  For  example,  the  C-5A  drag 
was  reduced  by  57  counts  using  this  technique  (Ref.  2.68). 

The  results  of  the  tunnel  tests  must  be  corrected  for  tunnel  Interference 
effects  (wall  Interference,  buoyancy,  flow  nonuniformity,  equivalent  Reynolds 
number,  etc.)  and  extrapolated  to  flight  Reynolds  numbers  to  obtain  a 
performance  prediction  for  the  preliminary  vehicle  design.  The  correction 
and  extrapolation  procedures  must  be  very  accurate  because  the  corrections 
are  large,  and  errors  in  their  magnitude  will  invalidate  the  comparison  of 
the  projected  vehicle  performance  and  the  contracted  performance.  (Examples 
of  typical  wall  corrections  are  given  in  Ref.  2.131  and  Ref.  2^139  shows 
that  the  extrapolation  correction  for  the  drag  coefficient,  , of  the  C-5A 
was  20  percent  of  the  measured  Cjj) . Tunnel  and  extrapolation  corrections 
are  primarily  obtained  from  semi-empirical  procedures  which  have  been  validated 
by  careful  tunnel/flight  test  correlations.  This  again  points  to  the  need 
for  good  simulation  accuracy  of  the  timnel  tests. 

The  desire  to  eliminate  mistakes  at  this  stage  is  very  great,  and  it  is 
estimated  that  15  percent  of  the  tunnel  tests  are  performed  to  verify  data 
of  questionable  quality  (Ref.  2.115).  These  verification  data  are  obtained 
in  tunnels  different  from  the  ones  which  obtained  the  original  data.  An 
improvement  o^  simulation  accuracy  o^  the  tunnels  would  elaninate  the  necessity 
lor  veailication  ol  previous  tests,  improve  the  linal  product,  and  reduce 
the  development  cost  and  time. 
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The  Important  problem  of  hov/  to  Integrate  the  power  plant  smoothly 
to  the  airframe  will  not  be  discussed  In  this  chapter.  However,  It  Is 
recognized  to  be  one  of  the  largest  sources  of  uncertainty  for  the  final 
configuration.  Problems  connected  with  it  are  discussed  in  Refs.  2.30, 

2.32,  and  2.139. 

2.2.4  Flight  Test  Phase 

Even  after  the  design  has  been  frozen  and  the  first  vehicle  has  been 
built  and  tested,  the  need  for  wind  tunnel  tests  is  not  over.  There  is 
almost  always  a need  for  corrective  action  after  the  first  flight  test  of 
a new  aircraft  (Ref.  2.30).  Large,  risks  are  involved  with  the  development 
of  new  vehicles,  and  many  perform  badly  during  the  first  test;  nevertheless 
the  record  clearly  indicates  that  the  final  product  is  good. 

When  problems  occur  at  the  flight  test  stage,  then  the  program  goes 
back  to  the  tunnel  to  find  the  cause.  Eighty-five  percent  of  the  corrective 
tests  use  flow  vlsulation  to  discover  the  flow  problem  (Ref.  2.69),  indicating 
that  they  are  due  to  interferences  (which  cannot  and  will  not  be  capable  of 
being  computed  for  many  years). 

Some  planes,  such  as  the  F-111,  had  more  tunnel  tests  after  the  first 
flight  than  before,  whereas  some  others,  such  as  the  C-5A,  had  very  few  at 
all.  Commercial  aircraft  companies  immediately  initiate  tunnel  studies  of 
the  final  configuration  not  only  to  eliminate  any  problems  that  have  arisen 
but  also  to  improve  the  vehicle  performance  and  keep  the  competitive  edge. 
Incremental  testing  is  used  especially  to  reduce  drag  (and  thus  increase 
range).  For  the  Boeing  707,  for  example,  range  was  increased  by  35  percent, 
of  which  the  engine  accounted  for  19  percent  and  the  airframe  for  16  percent 
(Ref.  2.30). 

The  tunnel  is  also  used  to  modify  existing  aircraft  for  new  missions. 

At  times  these  modifications  are  needed  quickly  so  that  existing  aircraft 
can  be  changed.  Only  tunnel  testing  has  been  able  to  respond  with  the 
needed  speed. 

In  aoncltuXon,  the.  ivtnd  tunneZ  pfie^entty  ts  Involved  -in  alt  a6pect6 
an  aeAonautlcjol  vehicle  design.  A4  the  vehicles  become  mo^e  complex 
and  6ophl6ticated  and  peAio/m  In  new  flight  ^eg-imei,  an  lncA.ea6e  In 
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^Xmaiation  accu/iaat/  l(>  dmandzd  ikz  w^nd  tunnel  txi  fieduee  the  detlgn 
At6k  and  Improve  the  itnal  vehtcle  peA-ioHmanae. 
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2.3  CURRENT  STATUS  OF  EXPERIMENTAL  AERODYNAMIC  FACILITIES  AND  TEST  METHODS 
2.3.1  Wind  Tunnel  Test  Facilities 

Experimental  aerodynamic  data  for  the  design  of  aerospace  systems  are 
generated  from  wind  tunnels,  aeroballistic  ranges,  vacuum  chambers,  sled 
tracks,  etc.  However,  this  report  will  consider  only  the  wind  tunnel  and 
its  integration  with  computers  for  aerodynamic  testing.  Furthermore, 
propulsion  test  cells  and  thrust  stands  will  also  be  excluded  from  the 
report.  Specifically,  the  following  discussion  will  pertain  only  to 
subsonic,  transonic,  and  supersonic  aerodynamic  test  facilities  and  testing 
techniques . 

Wind  tunnels  experienced  a steady  growth  during  approximately  the  first 
half  of  the  century.  The  number  of  facilities  of  a given  type  (i.e., 
subsonic,  transonic,  or  supersonic)  fluctuated  with  national  needs,  but  in 
general  a steady  growth  continued  until  the  mid  1960's.  The  number  of 
facilities  has  declined  sharply  since  that  time.  It  appears  that  the 
decrease  in  number  of  wind  tunnels  is  related  to  the  decrease  in  the  number 
of  aerospace  companies  and  the  number  of  systems  developed. 

According  to  Pate  (Ref.  2.138),  the  number  of  supersonic  and  hypersonic 
wind  tunnels  has  decreased  by  about  50  percent  since  1965.  Consequently, 
an  appropriate  Increase  in  productivity  of  the  remaining  wind  tunnels  has 
been  required  to  serve  system  development  test  needs.  An  example  of  Increased 
productivity  through  facility  Improvements  for  AEDC  tunnels  A,  B,  and  C for 
the  period  1960-1977  is  shown  in  Figure  2.2  (Ref.  2.138).  This  trend  will 
probably  continue  as  the  cost  of  tunnel  testing  Increases.  In  addition, 
the  number  of  research  wind  tunnels  of  very  high  quality  flow  have  become 
nearly  nonexistent.  The  decrease  in  the  number  of  production  facilities 
appears  to  be  a healthy  trend  because  it  has  forced  the  remaining  facilities 
to  become  even  more  efficient.  Furthermore,  effective  integration  of  wind 
tunnels  and  computers  should  significantly  accelerate  the  improvement  of 
both  productivity  and  quality  of  data  (see  Section  2.7).  However  the  trend 
of  decreasing  research  facilities  is  counterproductive,  because  these  facilities 
are  essential  for  developing  wind  tunnel  testing  techniques  and  computational 
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techniques.  Research  facilities  are  needed  to  provide  understanding  of 
certain  flow  fields  and  benchmark  data  for  the  verification  of  computer 
codes,  which  are  discussed  in  Section  2.6. 

The  most  recent  Inventory  of  the  major  aerodynamic  wind  tunnel  test 
facilities  is  described  in  Refs.  2.145  and  2.178.  Many  of  the  facilities 
described  in  Ref.  2.145  are  no  longer  operational. 

2.3.2  Recent  Wind  Tunnel  Facility  Improvements 

The  demand  for  Improved  full-scale  vehicle  performance  and  accuracy  of 
performance  prediction  has  led  to  a sustained  effort  to  Improve  the 
accuracy  of  test  data  from  existing  wind  tunnel  facilities.  In  addition, 
the  decrease  in  number  of  production  facilities  has  emphasized  the  need  for 
Improved  productivity.  This  has  resulted  in  wind  tunnel  facility  improve- 
ments that  have  not  only  Improved  the  accuracy  of  test  data  but  in  many 
cases  have  also  Increased  facility  capability  as  well  as  productivity.  Some 
of  the  major  Improvements  of  the  past  years  are  summarized  herein. 

Model  Injection  System 

The  model  Injection  system  permits  the  insertion  and  removal  of  the 
model  into  or  out  of  the  test  section  without  having  to  shutdown  the  tunnel. 
The  system  is  controlled  by  direct  computer  commands  (see  Section  2.4). 

Figure  2.3  shows  the  model  Injection  system  used  at  AEDC  in  tunnels  A,  B, 
and  C.  The  system  increases  the  productivity  of  these  facilities  by 
allowing  faster  model  configuration  changes  while  maintaining  tunnel 
conditions.  This  is  accomplished  by  a set  of  interlocking  doors  that  Isolate 
the  test  section  from  the  model  installation  chamber.  The  system  also 
provides  easier  and  faster  access  to  model  and  onboard  instrumentation  for 
repairs.  The  major  advantages  of  the  system  are  Increased  productivity 
and  added  test  capability  and  flexibility. 

Captive  Trajectory  System  (CTS) 

The  CTS  is  an  electromechanical  slx-degree-of-freedom  model  support 
used  for  separation  simulation  (Fig.  2.4).  It  provides  aerodynamic 
coefficient  data  for  online  computer  generation  of  the  trajectory  of  a body 
as  it  is  staged  or  separated  from  another  body.  The  primary  reason  for 
dual  or  multibody  testing  is  for  simulation  of  flow-field  interference  on 
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Fig.  2.4  The  AEDC  Tunnel  B:  Captive  Trajectory  System 

(Ref.  2.178) 
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on  both  the  primary  and  secondary  bodies.  CTS  is  also  used  for  flow 

field  studies  where  the  survey  probe  is  computer-controlled  via  the  secondary 
body  (or  CIS)  support  (Ref.  2.138).  This  capability  is  available  in  wind 
tunnels  throughout  the  speed  range  (l.e.,  subsonic,  transonic,  supersonic, 
and  hypersonic)  (Refs.  2.23  and  2.178).  This  system  provides  both  added 
capability  and  increased  productivity  in  existing  wind  tunnels. 

Captive  Aircraft  Departure  System  (CADS) 

The  CADS  provides  information  on  the  maneuver  behavior  of  an  aircraft 
in  the  wind  tunnel  (Ref.  2.23).  With  the  wind  tunnel  used  as  an  analog 
data  source  for  the  required  static  aerodynamic  data,  the  Euler  equations 
of  motion  for  the  aircraft  are  solved  by  an  online  digital  computer.  The 
solutions  of  these  equations  are  used  to  control  the  orientation  of  the 
model  in  the  airstream.  This  system  provides  added  capability. 

Variable  Porosity  Walls 

Variable  porosity  walls  such  as  those  used  in  AEDC  tunnel  4T  (Ref,  2,178) 
are  used  to  alleviate  interference.  The  test  flow  environment  is  improved 
by  adjusting  the  wall  porosity  and  wall  angle  as  a function  of  Mach  number. 

The  wall  porosity  is  varied  uniformly  by  sliding  the  outer  wall  over  an 
inner  wall  (Fig.  2.5).  This  improvement  provides  improved  data  accuracy. 

Computer  and  Wind  Tunnel  Interfacing 

Current  use  of  computers  in  wind  tunnel  testing  will  be  discussed  in 
detail  in  Section  2.4.  However,  it  should  be  noted  here  that  although 
computer  and  wind  tunnel  interfacing  came  into  extensive  use  only  within 
the  past  three  years,  nevertheless  it  represents  a very  significant 
improvement  to  aerodynamic  testing  in  production  wind  tunnels.  For  example, 
the  model  injection  system,  CTS,  CADS,  and  variable  porosity  walls  are  all 
computer  controlled.  These  improvements  and  others  discussed  in  Section 
2.4  provide  increased  productivity,  added  capability,  and  improved  data 
accuracy. 
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2,3.3  Simulation  Requirements 

The  primary  function  of  production  wind  tunnels  is  to  simulate  the 
aerodynamic  characteristics  of  the  full-scale  vehicle  in  free  flight  by 
testing  a scaled  model  of  the  prototype.  The  simulation  is  accomplished 
by  using  basic  aerodynamic  similarity  variables  that  relate  the  tunnel 
model  values  to  light  values.  These  variables  are  Mach  number,  Reynolds 
number,  Prandtl  number,  stagnation  enthalpy,  and  wall  temperature  ratio. 
Wind  tunnels  provide  very  good  information  in  Incremental  parametric  tests. 
However,  existing  facilities  are  unable  to  simulate  all  the  required  aero- 
dynamic similarity  variables;  therefore,  they  are  unable  to  predict  vehicle 
perfomance  in  absolute  terms. 

The  major  factors  limiting  the  aerodynamic  simulation  are  airframe/ 
engine  Interference,  wall  interference,  low  Reynolds  number,  poor  flow 
quality,  model  deformation,  and  model  support  Interference.  Other 
factors  that  could  add  to  the  simulation  error  if  not  carefully  con- 
trolled are  poor  wind  tunnel  calibration,  poor  instrumentation  precision, 
and  poor  model  surface  finish.  These  other  factors  are  mentioned  only 
because  they  continue  to  surface  in  the  literature;  they  will  not  be 
discussed  any  further  in  this  report.  On  the  other  hand,  the  major 
factors  will  be  discussed  in  some  detail. 

Airfrarae/englne  interference  is  of  primary  concern  to  the  aircraft 
designer,  particularly  on  airplanes  having  close-coupled  or  highly 
integrated  propulsion  systems.  Predicting  the  proper  thhust  minus  drag 
requires  careful  testing  in  the  wind  tunnel  to  determine  the  interactions 
between  airframe  and  propulsion  system  (l.e.,  inlet  and  nozzle  afterbody). 
Current  thrust-drag  prediction  methods  are  discussed  by  Bowes  (Ref.  2.30) 
and  Paterson,  et.al  (Ref.  2.139).  However,  the  success  of  these  pre- 
diction methods  is  not  known  because,  according  to  Bowes,  "The  answer  to 
this  question  is  a highly  qualified  one,  and  since  it  may  perhaps  involve 
a legal  as  well  as  a technical  concern,  the  data  is  understandably 
hard  to  come  by."  News  reports  of  conflicts  between  engine  and  airframe 
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The  AEDC  4T  Variable  Porosity  Wall 
(Ref.  2.22) 


Fig.  2.5 


manufacturers  indicate  that  major  deficiencies  exist  in  the  current 
simulation  techniques  for  airframe/engine  interference  testing.  There- 
fore, tke.  ne.e.cl  j^oA  a ^ub^tantcai  AeAzoAcA  Xn  cuAi^Aome./ mg-ine. 

^ntaAi^eAmae.  ^ -incUcate-d,  Inctuding  aonJidiation  6tudl2.s  oi  {^tight  and 
w-lnd  tanntt  data,  FeAhap.6  e.xt6ting  te6t  te.dtyU.qa2A  aouid  be  tmpAoved 
by  tyitettigent  tyitegAotton  wtnd  tunnei  and  computeA  tn  iueh  a May 
that  a toAge  data  bade  and  mathematieaZ  modelA  oAe  available  onltne 
to  tmpAooe  the  quaZtty  i>tmulatton. 

A major  deficiency  of  aerodynamic  simulation  in  wind  tunnels  is 
attributed  to  boundary  interference.  This  deficiency  is  of  considerable 
concern  at  all  free-stream  Mach  numbers,  but  is  particularly  severe  at 
transonic  speeds  where  model-induced  normal  shocks  are  reflected  from 
the  wall  back  onto  the  model.  Moreover,  when  the  model  is  embedded  in 
a large  supersonic  region  the  flow  field  is  grossly  distorted  by  the 
wall  resulting  in  significantly  compromised  test  data.  The  effects  of 
tunnel  wall  porosity  on  the  drag-rise  characteristics  and  on  airfoil 
pressure  distributions  are  given  by  Paterson  (Ref.  2.141)  in  Figures  2.6 
and  2.7,  respectively.  These  results  indicate  that  wall  interference 
effects  in  transonic  wind  tunnels  could  be  more  detrimental  to  the  aero- 
dynamic simulation  than  most  of  the  other  effects  such  as  low  Reynolds 
number,  poor  flow  quality,  etc.  Research  in  this  area  has  experienced 
a modest  but  sustained  effort  in  three  major  areas:  (1)  wall  inter- 
ference corrections  for  test  data  (Refs.  2.21,  2.22,  2.74,  2.92,  2.116, 

2.124,  and  2.144),  (2)  modification  of  existing  wall  configurations  to 
reduce  or  eliminate  wall  Interference  (Refs.  2.20  and  2.132)  and  (3)  develop- 
ment of  an  intelligent  wall  for  Interference  free  performance  (Refs.  2.12, 
2.13,  2.14,  2.50,  2.51,  2.60,  2.61,  2.62,  2.93,  2.100,  2.161,  2.162,  2.164, 
and  2.190).  These  results  seem  to  Indicate  that  wall  corrections  and 
modification  of  existing  walls  are  not  sufficient  for  all  test  require- 
ments. The  tnteZtLgent  Malt  appeoAA  to  hold  the  beAt  pAomlAe  ioA  6aeaeA6 
tn  Aeductng  oa  eltmtnattng  boundary  tnteA^eAence.  This  approach  will  be 
discussed  extensively  in  Section  2.7.2. 
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7 Effects  of  Porosity  on  Airfoil  Pressure  Distribution 
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The  problems  associated  with  the  low  Reynolds  number  (Re)  capability 

of  existing  wind  tunnels  are  well  documented  (Refs.  2.11,  2.184,  2.205, 

and  2.211).  Existing  Re  capability  in  transonic  and  supersonic  wind 

tunnels  and  the  required  values  to  match  flight  conditions  on  specific 

vehicles  are  illustrated  in  Figure  2.8.  The  planned  National  Transonic 

8 

Facility  (NTF)  is  the  only  wind  tunnel  to  approach  the  Re  level  of  10 
needed  to  match  the  flight  values  for  large  transport  aircraft.  The 
amount  of  information  for  justifying  construction  of  this  very  high  Re 
facility  is  overwhelming,  but  most  of  the  data  used  as  evidence  in  the 
justification  are  contaminated  with  the  effects  of  wall  Interference, 
poor  flow  quality,  and  other  kinds  of  interferences.  Therefore,  the 
"real"  Reynolds  number  effects  are  neither  quantified  nor  well  known. 

In  fact,  investigators  have  observed  negligible  Re  effects  on  flow  fields 
that  were  previously  believed  to  be  Re  sensitive  (Refs.  2.98  and  2.191). 
However,  there  is  no  question  of  the  need  for  a high  Re  facility  to  in- 
vestigate specific  flow  phenomena  sensitive  to  Reynolds  number,  such  as 
skin  friction,  shock  wave/boundary  layer  interactions,  separated  flows, 
etc.  The  NTF  will  provide  solutions  to  these  Re  sensitive  phenomena,  but 
it  will  not  be  available  until  the  early  1980 's.  Consequently,  low 
Reynolds  number  production  wind  tunnels  will  continue  to  accomplish  system 
development  tests  in  the  foreseeable  future.  Even  after  the  arrival  of 
NTF,  system  development  tests  will  probably  continue  to  be  accomplished 
in  low  Re  facilities  because  of  their  economy,  productivity,  and  efficiency. 

lYvt^Qfuxtlon  tkz  toM  Rzyno-ldU)  nmbVL  Mind  tunnaZ  tollh  a ZxuiQz  dudl- 
Cjotdd  computeA  aouZd  Imp^ovz.  tkz  Rz  ^linuZallon  -dlgnl^lcanttc/  by  u6lng  a 
data,  bcuz  and  appA.op/Uatz  math  modzt6.  Thz  NTF  should  bz  vzay  Vi&ziuZ 
dzvztoplng  tkz  appAop/Ualz  malh  modzti. 

The  quality  of  flow  in  wind  tunnels  has  been  the  concern  of  investi- 
gators since  the  turn  of  the  century.  For  example,  the  Wright  Brothers ’ 
tunnel  was  equipped  with  both  wire  screens  and  honeycomb  for  flow  smoothing. 
The  major  problems  associated  with  flow  quality  include  turbulence. 
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Fig.  2.8a  Existing  Reynolds  Number  Test  Capability 
In  Transonic  Wind  Tunnels  (Ref.  2.11) 


Fig.  2.8b  Existing  Reynolds  Number  Test  Capability  in 
Supersonic  Wind  Tunnels  (Ref.  138) 
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acoustics,  flow  nonunif ormitles , and  moisture.  Turbulence  and  flow 
nonuniformities  are  corrected  with  screens  and  honeycomb,  but  with  the 
penalty  of  pressure  losses.  Consequently,  most  production  facilities  do 
not  use  screens  or  honeycomb,  and  they  suffer  from  flow  nonuniformities 
and  undesirable  levels  of  turbulence.  Air  driers  are  effectively  used 
to  remove  moisture  from  the  test  flow.  However,  instrumentation  to 
monitor  moisture  levels  is  nonexistent,  and  unless  the  moisture  is 
visible  in  the  test  section,  the  effects  of  moisture  are  not  questioned. 
The  effects  of  acoustics  on  test  data  have  gained  Importance  in  recent 
years  (Refs.  2.44,  2.46,  2.136,  2.137,  2.194,  and  2.195).  Dougherty 
evaluated  several  techniques  to  suppress  edgetones  from  perforated 
wind  tunnel  walls  and  found  methods  to  effectively  eliminate  the  acoustic 
effects  (Ref.  2.45).  TheA^^^ofiz,  tho.  tdchnoloQy  to  6tgnt^tcantly  -improve 
^Zou)  quaZity  tn  e.xi6ting  wtnd  tunn&Zd  t6  tn  mo4>t  cm  qa  mcZZ  tn  hand;  tt 
li>  only  a mattcA  ol  atlocatton  oi  ^mcU  to  aoHAe.ct  the,  problem,  one. 
takcA  tnto  account  the  tkadc-oHA  di&cuAAzd  above. 

Model  deformation  or  aeroelastic  effects  are  becoming  significant 
in  aerodynamic  wind  tunnel  simulation  of  high  Re  conditions.  As  the  test 
dynamic  pressures  are  increased  in  an  attempt  to  achieve  high  Re  flows, 
the  model  wings  bend  and  twist  under  load,  resulting  in  erroneous  local 
angles  of  attack.  For  example,  the  local  angle  of  attack  is  reduced  on 
a swept  wing  as  it  bends  under  load  (Ref.  2.77).  The  simulation  errors 
become  more  severe  as  test  dynamic  pressures  increase.  This  problem, 
however,  is  reduced  significantly  with  the  NTF  because  high  Re  flows 
are  achieved  with  a drop  in  temperature  and  no  increase  in  dynamic 
pressure . 

Model  support  interference  can  also  introduce  a significant  amount 
of  uncertainty,  especially  to  the  drag  measurements.  Typical  model 
support  systems  are  shown  in  Figure  2.9.  All  of  these  mounting  systems 
will  Introduce  interference,  and  at  the  higher  test  Mach  numbers  the 
errors  due  to  interference  effects  can  be  very  large.  The  interference 
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Fig.  2.9  Typical  Model  Support  Installations 
(Ref.  2.30) 
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can  be  determined  by  using  various  mounting  systems  and  dummy  struts. 

This  technique  has  been  used  effectively  for  correcting  Interference 
effects  caused  by  the  model  support  system  (Ref.  2.210).  However, 

Bowes  (Ref.  2.30)  gives  warning  that  some  uncertainty  always  exists  in 
this  procedure  because  the  corrections  are  determined  from  small  dif- 
ferences of  two  large  numbers.  Perhaps  the  Integration  of  wind  tunnel 
and  computer  could  alleviate  this  problem  with  proper  modeling  of  the 
support  system. 

2.3.4  Accuracy  and  Measurement  Requirements 

Accuracy  requirements  for  aerodynamic  simulation  are  dictated  by  the 
mission  of  the  new  aeronautical  system  to  be  developed  and  are  generally 
established  by  the  successful  bidder  of  the  proposal.  Wind  tunnel  testing 
plays  a critical  role  in  the  development  of  the  new  system.  It  provides 
the  system  designers  with  the  information  to  predict  performance,  optimize 
the  design,  determine  loads  data,  and  evaluate,  identify,  and  correct 
operational  problems  with  the  vehicle.  The  wind  tunnel  data  also  allow 
the  customer  (government)  to  evaluate  the  performance  of  competing  designs. 
Therefore,  the  accuracy  of  the  performance  prediction  for  the  economic  and 
operational  aspects  of  the  vehicle  is  very  significant  to  both  the  customer 
and  the  designer.  For  these  reasons  it  is  highly  important  that  accurate 
wind  timnel  data  be  proAdlded  for  aeronautical  system  development. 

The  quest  for  higher  accuracies  in  simulation  are  motivated  by  the 
customer's  needs.  For  example,  the  average  effect  of  an  error  of  one  count 
of  drag  (approximately  0.4  percent)  over  all  the  guaranteed  missions  for 
a large  transport  aircraft,  such  as  the  C-5A,  is  equivalent  to  about  1000  lb. 
of  payload  (Ref.  2.201).  Its  value  is  estimated  at  $600,000  per  aircraft, 
or  $48  million  for  a fleet  of  80  airplanes.  Figure  2.10  shows  an  example 
of  the  trend  In  drag  accuracy  prediction  for  a transport  aircraft  during 
its  development  cycle  (Ref.  2.30).  Note  that  a +5  percent  probable  error 
is  considered  a very  good  prediction.  However,  this  error  is  an  order  of 
magnitude  larger  than  the  one  count  of  drag  discussed  above.  TheAZ^jOA-Z, 
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tkd  demand  i^oA  one  count  o^  d/iag  accuAacy  on  taampoAt  aificAalt  develop- 
ment AJ>  not  AeatUtic  and  Itb  6pect^tcatcon  could  6tand  a complete 
Aevtew, 

Accuracy  requirements  In  fighter  aircraft  development  also  provide 
challenging  demands  in  aerodynamic  simulation.  The  higher  accuracy 
demands  are  motivated  by  the  need  to  "squeeze  out"  all  the  performance 
possible  from  a new  system.  Figure  2.11  shows  a sketch  of  the  accuracy 
requirements  (or  cost)  as  a function  of  performance.  The  5 percent  band 
Is  the  area  where  the  performance  requirements  must  be  met.  The  sensitivity 
of  the  fighter's  effectiveness  (advantage)  because  of  its  performance  is 
illustrated  in  Fig.  2.12.  These  figures  clearly  show  that  the  demand  for 
a high  degree  of  simulation  accuracy  is  well  founded.  Un^OAtunotely , 
the  exl&tlng  wind  tunnels  iaUi  ^hont  oi  meeting  the  AequOied  capabtlttieA 
to  pAovtde  aeAodynamlc  ^tmulation  accuAocy  mkich  ti>  bettea  than  the  5 
peAcent  uppeA  band  u)heAe  the  peAioAmance  AequtAement{>  mu6t  be  met  on 
itghteA  otAcJua^^t. 

The  best  current-measuring  capabilities  available  in  wind  tunnels 
are  given  in  table  2.1. 

Table  2.1.  Summary  of  Hardware  Component  Accuracy  (Ref.  2.143) 


Component 

Standard  Deviation 

Stagnation  pressure 

+0.5  psf  or  +0*1  percent  of  range 

Test  section  static  pressure 

+0.5  psf  or  +0.15  percent  of  range 

Stagnation  temperature 

+1  to  +3°F  or  +2  percent  of  range 

Angle  of  attack 

+0.06  deg. 

Internal  balance 

+0. 35  percent  of  range 

Model  pressures 

HK).!  percent  of  range 

Data  acquisition  system 

+0.03  to  +0.05  percent  of  range 
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I 

Fig.  2.11  The  Cost  of  Performance 
on  Fighter  Aircraft 


! 

I 

1 

I 


Performance  Change,  % 

Fig.  2.12  Sensitivity  of  Advantage  to  Changes  in 
Performance  on  Fighter  Aircraft 
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Table  2.2  summarizes  the  wind  tunnel  data  accuracy.  These  accuracies  are 
based  on  regular  tunnel  calibrations,  correlation  of  data  with  other 
facilities,  and  instrumentation  analysis.  The  data  are  taken  as  one 
standard  deviation  errors  in  percent  of  range  except  where  otherwise 
noted  (Ref.  2.143).  The  acceptable  tolerance  levels  for  a given  run  are 
shown  in  Table  2.3.  It  should  be  noted  that  the  tolerance  levels  given 
for  Mach  number  and  angle  of  attack  are  nearly  equal  to  the  uncertainty 
of  their  respective  measurements.  Also,  the  drag  coefficient  is  larger 
than  the  desired  one  count  of  drag  accuracy  for  the  simulation. 

Table  2.2,  Overall  Accuracy  Measurements  (Ref.  2.143) 


Parameter 

Standard  Deviation 

Stagnation  Pressure 

^.2  percent 

Stagnation  temperature 

+20  F 

Static  pressure  (test  section) 

+0.2  percent 

Mach  number 

+0.002 

Dynamic  pressure 

+0.5  percent 

Reynolds  number 

+^0.03  X 10^ 

Angle  of  attack 

+0.06  deg. 

Drag  coefficient 

+0.005 

Lift  coefficient 

+0.008 

Pitching-moment  coefficient 

+^0.006 
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Table  2.3.  Acceptable  Tolerance  Level  (Ref.  2.143) 


Parameter 

Acceptable  Deviation 

Mach  number 

+0.003 

Reynolds  number 

1 percent  of  value 

Dynamic  pressure 

1 percent  of  value 

Angle  of  attack 

+0.05  deg. 

The  accuracies  and  tolerances  In  these  tables  are  based  on  Instrumen- 
tation precision,  repeatability  and  correlation  of  data  with  other  wind 
tunnels.  They  are  not,  however,  a measure  of  the  aerodynamic  simulation 
accuracy. 

The  information  presented  In  this  and  the  previous  sections  shows 
the  need  for  Improved  simulation  accuracy  and  some  possible  solutions  to 
achieve  this  goal.  It  appears  that  a new  emphasis  for  upgrading  v/ind 
tunnel  facilities  is  urgently  needed  if  our  desire  to  keep  abreast  of 
the  simulation  accuracy  demanded  by  current  and  future  aeronautical 
systems  is  to  be  met.  Integration  of  computers  and  wind  tunnels  should 
provide  .some  solutions  to  these  needs.  HoWZVSA,  moflQ.  Zn  /LZiejXAck 

and  dzveXopmznt  a I Zntzghatzd  wdnd  tumzli  and  compivteA  iacJULitioJi  X4  cZzoAly 
nzzdtd. 
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2.4  CURRENT  USE  OF  COMPUTERS  IN  WIND  TUNNEL  TESTING 


With  the  advent  of  the  modern  electronic  computer,  it  has  become 
possible  to  automate  numerous  tunnel  and  model  controls  and  to  automate 
the  data  acquisition/reduction  and  data  verification  techniques.  At  the 
same  time  that  computers  have  become  available  for  use  in  wind  tunnel 
testing,  the  demand  for  improving  the  performance  of  air  vehicles  has 
created  higher  test  data  requirements.  These  requirements  dictate  an 
increase  in  the  accuracy  of  the  aerodynamic  parameters  measured  in  the 
wind  tunnel.  Ultimately,  these  test  data  requirements  must  translate 
into  increased  accuracy  of  similitude.  Figure  2.13  illustrates  how  the 
quality  of  the  data  has  been  improved  in  a particular  test  where  con- 
tinuous data  were  taken. 


Normal -Force 
Coefficient 


Pitching -Moment 
Coefficient 


^0123456 


Vertical  Separation  Distance,  in. 


Comparison  of  Continuous  Data  with  Discrete  Point  Data,  on  a Weapon 
Deployed  from  the  B-1  Bomber  at  Mach  Number  2.26 


Fig.  2.13  Data  From  the  Computer-Programmed  Position  Control 
System  (PPC)  in  AEDC-VKF  Tunnel  A 
(Ref.  2.138) 
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The  productivity  of  wind  tunnel  testing  has  been  increased  over  the 
last  few  years  as  more  controls  have  become  automated.  Data  handling 
effort  has  been  reduced  by  an  order  of  magnitude  as  a result  of  the  con- 
cise, pertinent,  and  intelligible  data  points  provided.  As  the  cost  of 
operating  wind  tunnels  continues  to  increase,  the  demand  for  more  and 
better  use  of  computers  in  wind  tunnel  testing  becomes  paramount  (Refs. 

2.77  and  2.125). 

The  areas  where  computers  are  currently  being  used  in  wind  tunnel 
testing  include;  tunnel  controls,  model  controls,  data  automation,  and 
data  verification.  The  majority  of  controls  in  wind  tunnel  testing  are 
direct  command  systems  (open-loop) , and  these  type  of  controls  have  been 
available  for  many  years.  Only  a small  number  of  controls  are  closed- 
loop  and  these  are  available  in  only  a few  facilities.  However,  these 
latter  systems  are  still  under  development.  Future  improvements  can 
be  made  by  applying  closed-loop  techniques  to  more  model  and  tunnel 
controls  and  to  test  planning  optimization. 

2.4.1  Tunnel  Controls 

With  the  Increase  in  complexity  of  the  aircraft  under  development, 
the  control  requirements  placed  upon  the  wind  tunnel  are  accordingly  in- 
creased. The  free  stream  conditions  must  be  maintained  at  precise  and 
constant  values.  As  suitable  computing  hardware  and  software  become 
available  more  of  the  control  features  are  incorporated  into  a computer 
control  system.  Because  of  their  inherent  simplicity  and  their  well 
developed  instrumentation,  direct  command  controls,  such  as  those  listed 
in  Table  2.4,  have  been  extensively  used.  Closed-loop  tunnel  control, 
however,  is  currently  available  in  varying  degrees  in  only  some  facilities; 
in  others,  it  is  the  subject  only  of  research  and  development.  Unfortunate- 
ly, neither  the  application  nor  the  study  of  closed-loop  control  is 
widespread. 

The  need  for  closed-loop  automation  of  tunnel  controls  is  clearly 
evident.  Controls  increase  the  test  repeatability  and  reliability  and 
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have  the  additional  benefit  of  improving  the  free  stream  flow  quality.' 

Basically,  all  closed-loop  control  systems  consist  of  one  or  more 
direct  command  controls  that  have  been  provided  with  error  correction 
servo-mechanisms  and  the  appropriate  software. 


MODEL  SUPPORT  SYSTEM 

STAGNATION  PRESSURE  CONTROL 

PLENUM  EVACUATION  SYSTEM 

EJECTOR  FLAPS  CONTROL 

FLOW  FIELD  PROBING 

WALL  ANGLE  CONTROL 

NOZZLE  CONTROL 

FUEL  SYSTEM 

SC ANN I VALVE  CONTROL 

ROCKET  PROPELLANT  SUPPLY  SYST. 

OPTICAL  RECORDING  SYSTEM 

ATMOSPHERIC  DRYER  SYSTEM 

TEMPERATURE  CONTROL 

VACUUM  SYSTEM 

VARIABLE  WALL  POROSITY 

HYDRAULIC  & PNEUMATIC  SYSTEMS 

Table  2.4.  Examples  of  Direct  Command  Controls  Used 
in  Some  Production  Wind  Tunnels. 


An  example  of  a production  facility  using  a modest  degree  of  closed- 
loop  automation  is  tunnel  4T  at  AEDC  (Ref.  2.67).  A mini-computer 
(PDF  8/E)  automatically  controls  the  tunnel  stagnation  pressure  for 
most  conditions  and  the  Mach  number  in  the  range  0.2  to  0.9.  Complete 
control  is  available  for  ejector  flaps,  porosity,  and  wall  angle  (see 
Fig.  2.14),  but  these  are  controlled  by  predetermined  calibration  in- 
formation and  position  sensors.  Pressures,  temperatures,  position, 
dynamic  pressure,  Mach  number,  and  Rejmolds  number  are  continuously 
monitored  and  displayed. 

Plans  at  AEDC  call  for  extending  automatic  control  of  Mach  number 
and  stagnation  pressure  for  4T,  ultimately  providing  automation  (in 
closed-loop)  for  all  test  conditions  within  the  range  of  the  tunnel. 

Even  with  the  moderate  degree  of  closed-loop  control  presently  used, 
tunnel  4T  has  increased  its  productivity  by  an  estimated  5 percent  due 
to  the  monitoring  of  test  conditions,  and  an  additional  estimated  10 
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Fig.  2.14.  The  AEDC  4T  Tunnel  Real-Time  Control  and  Display  System 

(Ref.  2.67) 


percent  due  to  the  position  and  process  control.  Efforts  to  further 
develop  closed-loop  control  systems  continue  at  AEDC. 

/ 

Plans  for  the  NTF  include  closed-loop  control  for  the  test  section 
walls,  reentry  flaps,  pressure,  temperature  for  cooling  water  flow, 
liquid  nitrogen,  and  drive  speed  (Ref.  2.66). 

Most  of  the  remaining  closed-loop  applications  are  of  a research 
and  development  nature.  One  example  is  provided  by  the  intelligent 
wall  work  of  Judd  at  the  University  of  Southhampton  (Ref.  2.80).  The 
studies  involve  the  integration  of  the  intelligent  wall  wind  tunnel  with 
an  online  computer.  Such  a set-up  will  provide  the  calculations  required 
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to  set  the  walls,  control  the  wall  movement  until  rainimtim  interference 
conditions  are  attained,  and  finally  provide  model  data  acquisition 
(see  Section  2.7.2). 

As  the  tunnels  are  required  to  provide  control  over  more  parameters, 
and  thereby  provide  higher  quality  test  conditions  and  test  data,  it  is 
likely  that  computers  which  have  faster  computational  speeds  as  well  as 
larger  memories  may  have  to  be  dedicated  to  both  direct  command  and 
closed-loop  systems. 

Various  computer  systems  should  be  studied  to  determine  whether  one 
large  or  several  small  computers  will  accomplish  the  task  better. 

Hawkins  and  Partridge  of  the  RAE,  for  example,  have  reported  (Ref.  2.70) 
that  their  facility  would  be  best  served  by  a system  divided  into  a 
"number  of  modular  packages  each  based  on  a small  computer." 

TkeAQ.  Xa  pn.ej>e.ntly  a lack  cHont  In  the  R S V oi  new  closed-loop 
cont/iol  techniques  as  locH  as  a lack  o^  application  oi  existing  closed- 
loop  control  technology  to  production  taind  tunnels.  A more  concerted 
emphasis  needs  to  be  made  In  the  R B V o^  closed-loop  controls  as  mlt 
as  In  the  application  o^  proven  closed-loop  control  techniques  to  upgrade 
existing  facilities  . One  area  that  definitely  shows  promise  and  appears 
to  be  reachable  within  the  next  few  years  Is  the  automation  of  Mach 
number  and  stagnation  pressure  for  Improved  continuous  testing  at 
varied  test  conditions . 

2.4.2  Model  Controls 

Model  controls  have  been  significantly  improved  within  the  past 
decade  and  have  become  the  central  focus  of  computer  and  wind  tunnel 
integration.  At  the  present  time,  model  controls  are  highly  automated 
in  most  wind  tunnel  facilities,  and  these  are  frequently  used  in  closed- 
loop  systems.  Pate  (Ref.  2.138)  refers  to  the  automated  model  controls 
as  one  of  the  major  advances  in  wind  tunnel  testing  in  the  last  10  years. 

Like  the  tunnel  controls  discussed  in  the  previous  section,  model 
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controls  can  be  classified  as  either  of  two  types : (1)  direct  command 

systems  or  (2)  closed-loop  systems.  Direct  command  control  systems 
currently  being  used  at  AEDC  in  model  control  include  those  listed  in 
Table  2.5.  Most  of  these  systems  control  the  model  orientation,  in- 
cluding maneuvering  characteristics,  probe  position,  and  model  engine 
inlet  or  mass  flow. 


a.  Adaptive  Scanivalve  Control 

b.  Air  Inlet  Control  System  (AICS) 

c.  "Closed-Loop"  Air  Flow  Control  (CLACS) 

d.  Model  Attitude  Positioning  System  (AMAPS) 

e.  Pitch  and  Roll  Control 

f.  Model  Injection  System 

g.  Probe  Position  System 

h.  Dynamic  Stability  Control 


Table  2.5.  Direct  Command  Control  Systems  Used  in 
Model  Control  at  AEDC. 

The  Model  Injection  System  (Fig.  2.3)  is  one  of  the  most  significant 
advances  in  wind  tunnel  testing  capabilities  of  the  past  10  years.  This 
system  allows  faster  model  installation  and  configuration  changes,  and 
thus  increases  productivity  and  test  flexibility;  it  also  allows  various 
wall  temperature  ratios  to  be  examined  by  cooling  the  model  before 
injection. 

While  all  of  these  direct  command  controls  used  for  testing  models 
are  currently  driven  by  a computer,  some  of  them  are  also  used  in  a 
closed- loop  manner  in  some  tunnels.  Table  2.6  is  a more  complete  list 
of  closed-loop  control  systems  used  in  model  control. 
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a.  Captive  Trajectory  System  (CTS) 

b.  Computer-Programmed  Position  Control  (PPC) 

c.  Adaptive  Scanivalve  Control 

d.  Vehicle  Trim  System 

e.  Captive  Aircraft  Departure  System  (CADS) 

f.  Constant  Parameter  Analysis* 

g.  Self-Optimizing  Flexible  Wing* 

*Under  Development 


Table  2.6.  Closed-Loop  Control  Systems  used  for  Model  Control 

These  controls  are  extremely  effective  in  simulating  a variety  of 
flight  conditions  and  are  excellent  time  savers.  A number  of  production 
wind  tunnels  are  equipped  with  closed-loop  control  systems  (Ref.  2.138 
shows  that  the  Captive  Trajectory  System  (CTS)  is  available  in  four  AEDC 
tunnels,  two  NASA  tunnels,  and  in  one  tunnel  each  at  General  Dynamics 
and  LTV).  Figure  2.4  illustrates  the  CTS  in  one  of  the  AEDC  Tunnels. 

Binion  (Ref.  2.23)  points  out  that  the  CTS  is  a great  convenience  to 
wind  tunnels  testing,  in  that  it  provides  a separation  simulator  used 
for  trajectory  analysis  of  air-launched  stores  and  a function  generator 
for  the  aerodynamic  forces  experienced  by  both  the  stores  and  the  parent 
aircraft.  The  closed-loop  form  of  control  allows  the  prediction  of  the 
store  trajectory  online  using  the  aerodynamic  forces  and  moments.  A 
closed-loop  slave  vehicle  control  similar  to  the  CTS  system  was  reported 
by  Titchener  and  Recover  of  the  RAE  (Ref.  2.180). 

C£oAed-£oop  modzZ  d.n  wind  ianmZ  iuting  hav2.  bem 

significantly  improved  in  the  past  decade,  and  impfioyjment  ih  continuing. 
Computer  and  wind  tunnal  integration  is  mostly  developed  in  the  closed- 
loop  control  of  models,  and  this  development  has  markedly  influenced  the 
integration  of  tunnel  controls  as  well.  The  productivity  of  wind  tunnels 
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hcU)  X-ncAtoiod  Amcuikably  at  no  i.o-6^  tn  quattty  duAtng  thJj,  pcu>t  lO-ym/i 
pzntod  and  mZt  paobabty  continue,  to  IncAccac  cu,  the  diai>cd-toop  cantJiot 
0^  pcuumetcu  li>  ItnpAoved  In  both  model  and  tunnel  envlnonments . 

2.4.3  Data  Automation 

Current  use  of  computers  in  wind  tunnel  testing  provides  a high  degree 
of  data  digitization,  storage,  and  reduction.  Online  data  reduction  allows 
data  to  be  displayed  on  plotting  and  tabulating  equipment  within  seconds 
after  the  read  cycle  is  initiated.  When  the  data  require  further  analysis, 
they  can  be  recorded  and  stored  on  magnetic  tape  for  subsequent  offline 
data  reduction  (ref.  2.178).  Currently,  most  of  the  data  reduction  done 
in  production  wind  tunnels  is  done  on  a mid-size  computer  or,  in  many 
instances,  on  a minicomputer. 

Some  recently  developed  measurement  techniques  such  as  infrared 
temperature  scanning  (IR)  yield  global  data  which  must  be  digitized  and 
analyzed  on  a computer  in  order  to  be  efficiently  utilized.  This  tech- 
nique, also  known  as  thermographic  data,  can  be  digitized  into  color 
patterns  which  are  then  displayed  on  a television  monitor.  Other  new 
measurement  techniques  requiring  digital  data  reduction  include  holo- 
graphic interferometry.  Moire'  pattern  pictography,  and  laser  velocimetry. 
Sophisticated  pattern  recognition  capability  is  needed  to  efficiently 
analyze  the  data  from  some  of  these  techniques. 

Data  automation  has  also  made  possible  real-time  data  analysis, 
which  allows  online  CRT  plotting  and  interactive  graphics  which,  in 
turn,  provide  opportunities  for  test  decisions  and  possible  changes. 

As  test  data  requirements  become  more  pronounced  due  to  increased 
sophistication  in  measurement  techniques  and/or  more  complex  air  vehicle 
performance  characteristics,  larger  and  dedicated  computers  (or,  perhaps, 
groups  of  minicomputers  set  up  in  modular  systems)  will  be  needed  (Ref. 
2.70).  More  use  of  interactive  graphics  will  also  be  called  for. 
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2.4.4  Data  Verification 


Large  facility  computers  are  frequently  used  to  verify  wind  tunnel 
data  by  comparing  them  to  results  obtained  through  computational  tech- 
niques. In  some  cases,  tunnel  users  demand  that  the  computations  be  done 
in  advance  of  the  wind  tunnel  test  in  order  to  gain  confidence  in  wind 
tunnel  data  (Ref.  2.205).  This  type  of  verification  is  more  commonly 
done  in  hypersonic  testing  with  cone  models  at  low  angles  of  attack, 
though  the  practice  extends  to  subsonic  and  supersonic  regimes  as  well. 

Computational  codes  in  present  use  Involve  linear  potential  theory 
with  corrections  for  the  boundary  layer  plus  semiempirical  transition, 
shock,  and  separation  location.  Nevertheless,  current  computer  codes 
have  proven  successful  in  providing  reliable  design  and  analysis  criteria 
for  three-dimensional  weak  boundary-layer  interactions,  two-dimensional 
transonic  weak  boundary-layer  interaction,  and  three-dimensional  transonic 
isolated  wing  calculations  (Ref.  2.42  and  2.141).  They  have  also  been 
highly  successful  for  hypersonic  reentry  vehicle  computations  (Ref.  2.205). 
Figure  2.15  Illustrates  where  airfoil  analysis  by  computer  is  in  excellent 
agreement  with  experimental  data.  Figure  2.16  on  the  other  hand. 
Illustrates  that  there  is  disagreement  between  computational  codes  and 
experimental  data  in  other  flight  regimes. 

Present  computational  codes  are  semiempirical  in  nature  and  are  not 
solutions  of  the  Navier-Stokes  equations;  therefore,  comparisons  between 
the  tunnel  data  and  numerical  computations  are  not  a guarantee  of  the 
correctness  of  the  data.  The  existing  codes  are  small  enough  to  fit 
on  the  common  larger  computers  (e.g. , CDC  6600). 

Although  pn.ogn.U6  ti  b&tng  made.  In  computational  ^lutd  dynamtcU),  and 
although  code6  6cem  to  pn.ogn.e6 6 tv e£y  agn.cc  with  cxpcntmcntal  data,  tt  t6 
un6a{iC  to  extrapolate  beyond  the  area  mhere  the  emptrictsm,  upon  ufhtch 
they  depend,  ti  obtained. 
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Fig.  2,15.  Airfoil  Analyals  in  Siibcrltical  VlScous'Flow  (Ref.  2.42) 
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2.5  FUTURE  DEVELOPMENTS  IN  EXPERIMENTAL  AERODYNAMIC  FACILITIES  AND  TEST 
METHODS 

2.5.1  Facility  Planning  Goals 

In  the  future  there  will  be  fewer  aeronautical  weapons  systems,  but 
those  used  will  be  more  complex  and  sophisticated.  Testing  facilities  will 
have  to  be  capable  of  examining  these  new  systems  as  well  as  systems  that 
will  be  developed  using  new  emerging  technologies  such  as  V/STOL  and  super- 
sonic and  hypersonic  cruise.  There  will  be  a continuing  need  for  more  and 
better  design  data  with  the  reduction  of  the  design  risk  as  a major  goal 
(see  Section  2.2.1).  Testing  facilities  can  assist  in  reducing  the  design 
risk  by  improving  simulation  accuracy  (see  Section  2.3.4). 

The  facility  planning  goals  can  be  summarized  as  follows  (Refs.  2.2 
and  2.154);  1)  to  improve  simulation  quality,  2)  to  improve  data  quality, 

and  3)  to  improve  testing  efficiency.  These  goals  will  be  accomplished 
by  constructing  new  facilities  where  it  is  obvious  that  existing  tunnels 
will  not  meet  the  needs  or  by  modifying  existing  facilities  to  extend 
their  capabilities  and  improve  their  simulation  quality.  Except  for  the 
existing  commitment  for  new  facility  construction  (see  Section  2.5.2),  it 
is  not  known  whether  the  other  goals  will  be  realized,  since  there  is  no 
assurance  that  the  needed  funds  will  be  made  available.  It  almost  appears 
to  be  easier  to  obtain  funding  to  build  a new  facility  than  to  upgrade  the 
quality  of  an  existing  one. 

There  is  general  concern  for  increasing  the  simulation  Reynolds 
number  and  improving  tunnel  flow  quality  by  reducing  the  facility  sound 
and  turbulence  levels.  Flow  quality  improvements  are  needed  most  urgently 
for  the  development  of  laminar  flow  vehicles  but  are  also  required  to 
improve  simulation  accuracy  for  all  vehicles. 

Data  quality  will  be  increased  by  the  use  of  more  computer  controls 
on  the  tunnel  flow  parameters,  on  model  controls,  and  on  data  acquisition 
and  analysis.  This  subject  is  covered  in  detail  in  Sections  2.4  and 
4.0.  New  instruments  and  measuring  techniques  will  also  be  used.  More 
attention  to  flight  test  correlation  will  also  assist  in  improving-  data 
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quality.  The  goals  and  needs  of  future  research  facilities  are  discussed 
in  Section  2.6.3. 

ThzJie,  app&oAi  to  be  a d2A>tn.(L  to  hnpwvi.  zxt&ting  {iacttittu,  but 
tmpAovmenti  cuie  gtvzn  a comtdeJiabZy  touoM.  pntontty  than,  thz  c.oyi{,tnuctUx>n 
0^  new  ^acXtctc&6.  ‘Fundi  &hovJLd  be.  madz  cLVcuIablz  ^ofi  tmp/LOvejnznti  tn 
zxt&ttng  lacAJLLtizi , eMpzcAjoJULy  tho&z  tmpAovmznti  that  wttt  tncAejiiz 
theJji  ^tmalatton  ac.c.u/uic.y . 

2.5.2  New  Testing  Facilities 

The  need  has  been  demonstrated  for  new  testing  facilities  which 
either  extend  current  capabilities  or  provide  testing  environments  for 
new  technologies.  The  planning  for  a new  facility  takes  many  years,  from 
the  examination  of  various  concepts  to  operation  of  the  completed  facility. 
(This  is  illustrated  in  Table  2.7  using  the  dates  for  the  National 
Transonic  Facility).  Therefore,  much  foresight  is  needed  to  insure  the 
availability  of  testing  facilities  for  the  development  of  future  generations 
of  weapons  systems. 

National  tunnel  construction  programs  exist  in  both  the  U.S.  and 
in  Europe  (Refs.  2.2  and  2.202).  Because  of  their  large  cost,  great 
caution  has  been  exercised  in  the  selection  of  the  facilities  to  be 
constructed  (see  Ref.  2.77).  However,  it  must  again  be  pointed  out  that 
facility  construction  and  operation  costs  are  small  compared  to  the  R & D 
cost  of  a new  weapon  system. 

The  wind  tunnels  which  have  been  approved  for  construction  are  the 
following; 

1.  National  Transonic  Facility  (NTF) , to  be  built  at  NASA-Langley , 
at  a cost  of  $85M  (Refs.  2.82,  2,83,  2.11,  and  2.84). 

2.  Full-scale  subsonic  wind  tunnel,  to  be  built  as  a modification 
of  the  40  by  80-foot  wind  txxnnel  at  NASA-Ames,  at  a cost  of  $83M  (Ref. 
2.122). 

3.  Quiet  supersonic  wind  tunnel  to  be  built  at  NASA-Langley 
(Ref.  2.15). 
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Table  2.7.  National  High  Reynolds  Number  Wind  Tunnel  Planning 

(Ref.  2.77) 


1966-19.75 — Air  Force  design  development  of  Ludwelg  tube  facility  (HlRT) 

1969-1970 — NASA  Study  of  hydraulic  drive  conventional  tunnel 

1969-1972 — NASA  design  studies  of  Injector  driven  tunnels 

1971  — NASA/DOD  (AACB)  approves  HIRT  to  propose  as  a national  facility 

1972-1973 — NASA  experiments  with  cryogenic  low-speed  pilot  tunnel 

1973 

1974 

1974 

1975 

1976 

1981 


Two  proposed  facilities  were  deferred  and  will  be  considered  at  a 
later  date.  These  are  a large  transonic  wind  tunnel  at  NASA- Lewis  and 
a true  temperature  hypersonic  tunnel  at  AEDC.  Other  governmental  agencies, 
as  well  as  aircraft  companies,  would  like  to  construct  new  testing 
facilities,  but  there  are  no  Immediate  plans  to  do  so. 

Plans  also  exist  to  make  some  modifications  to  existing  tunnels. 

These  modifications  Include  anecholc  and  adaptive  wall  test  sections 
(Ref.  2.2).  Because  these  modifications  will  have  to  be  funded  from 
operational  budgets.  It  Is  not  known  when  they  will  be  made. 

A central  computer  facility  Is  usually  Included  In  the  plans  for  new 
tunnels.  Although  It  Is  good  to  Include  the  computer  as  part  of  the  design 
and  have  It  funded  with  the  total  tunnel,  this  method  would  result  In  the 


— AACB  study  recommends  HIRT  (development)  plus  cryogenic  TRT 
(research) 

— Congress  authorizes  Air  Force  to  build  HIRT 

— Construction  cost  escalations  result  In  Air  Force  decision  not 
to  go  forward  with  HIRT  and  AACB  to  make  a reevaluation  of 
transonic  facilities 

— AACB  approves  cryogenic  NTF  as  single  facility  to  be  jointly 
operated  by  NASA  and  DOD  for  research  and  development  testing 

— Congress  authorizes  construction  of  NTF  by  NASA.  Appropriates 
funds . 

— Planned  operational  date 
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purchase  of  an  out-of-date  computer  by  the  time  the  tunnel  is  finally 
operational.  It  would  be  better  to  defer  the  computer  selection  until 
completion  of  the  tunnel  In  order  to  Insure  the  purchase  of  a state-of- 
the-art  computer  that  will  not  quickly  become  obsolete. 

The  new  construction  program  will  result  In  only  one  high  Reynolds 
number  transonic  tunnel  (NTF) . This  one  tunnel  will  never  be  able  to 
handle  all  of  the  high  Reynolds  number  testing  needs  of  the  country. 
Furthermore,  no  prior  consideration  Is  being  given  to  Improvements  In 
the  test  section  wall  (such  as  Intelligent  wall)  or  to  the  flow  quality, 
although  the  option  exists  for  making  modifications  once  the  tunnel  Is 
operational  (Ref.  2.191).  As  pointed  out  previously  (Section  2.3),  It 
Is  very  Important  that  the  best  technology  be  used  to  lessen  the  effects 
of  wall  Interference  and  flow  disturbances , and  It  Is  unfortunate  that 
this  was  not  done  for  NTF. 

The.  ooXnd  tunnel  i^acttitteA  which  wtZZ  be  avaltabZe.  ion.  testing  tn 
the  next  itvc  yexva  cuic  known.  They  an.e  the  exlttcng  iaattCtie6  plus  an 
additional  thn.ee  neie  iacJJUtles,  which  an.e  designed  to  meet  centaln  testing 
and  ae^eoAck  needs.  The  new  tunnels  will  not  meet  all  oi  .the  new  testing 
needs;  NTF  will  not  be  able  to  petionm  all  the  needed  high  Reynolds 
numben.  tests. 

The  best  technology  ion.  alleviation  oi  wait  intenie/ience  eHects 
and  improvement  in  ilow  quality  should  be  incorporated  into  all  new 
iacilities. 

Computer  systems  which  are  included  with  new  iacilities  should  be 
selected  during  the  iinal  stages  oi  iacility  construction. 

2.5.3  Future  Testing  Needs 

Military  missions  and  commercial  applications  will  continue  to 
determine  the  majority  of  needs  In  testing,  and  these  new  systems  will 
probably  be  significantly  more  complex  than  those  currently  In  use. 

However,  as  noted  In  Section  2.3.1,  probably  no  more  than  about  50  percent 
of  the  wind  tunnels  Inventoried  In  the  U.S.  In  1965  are  still  In  operation 
(Ref.  2.138).  The  combination  of  fewer  tunnels  and  more  complex  systems 
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to  be  tested  dictates  that  more  efficient  testing  techniques  must  be 
developed  and  employed.  Hence,  increasing  the  extent  of  tunnel  interaction 
with  computers  will  probably  be  necessary  to  upgrade  test  efficiency  and 
the  quality  of  data  acquired.  In  addition  to  new  systems,  various  modifica- 
tions and  adaptations  of  existing  systen^  to  extended  roles  will  continue 
to  require  a substantial  amount  of  wind  tunnel  test  time  (Ref,  2.115). 

With  the  past  and  present  as  a guide,  the  test  informatioh  on  these  extended 
systems  will  be  expected  to  be  supplied  in  the  shortest  possible  time 
period.  In  addition,  for  a few  systems,  inevitably  there  will  be  problems 
discovered  during  flight  evaluation,  requiring  additional  wind  tunnel  testing, 
the  results  of  which  will  always  be  desired  expeditiously. 

There  will  be  some  special  testing  needs  associated  with  basic 
research,  and  these  must  be  dealt  with  as  they  arise  and  are  identified. 
However,  certain  areas  of  testing  which  must  be  more  thoroughly  explored 
on  a fundamental  level  before  being  upgraded  to  full  production  status  are 
as  follows: 

High  Angle  of  Attack  (Refs.  2.188  and  2.189) 

Unsteady  Flows  (Refs.  2.85  and  2.179) 

V/STOL  (Ref.  2.202) 

Engine/Aircraft  Interaction  (Refs.  2.30,  2.125,  and  2.139) 

One  particularly  interesting  example  of  data  scatter  associated  with 
high  angle-of-attack  testing  is  shown  in  Figure  2.17.  This  illustrates 
the  difficulties  and  uncertainties  to  be  expected  in  these  areas.  The  flows 
cannot  be  extrapolated  from  known  flows  nor  can  they  be  computed.  In  some 
cases  they  involve  new  physics,  and  new  testing  techniques  must  be 
developed  to  study  them  as  the  physics  becomes  better  understood. 

2.5.4  New  Measurement  and  Testing  Techniques 

The  demand  for  higher  air  vehicle  performance  is  the  driving  force 
behind  the  need  for  more  efficiency  and  for  increased  simulation  accuracy 
in  wind  tunnel  testing.  This  is  a trend  that  appears  to  be  gaining 
momentum  and  is  continuously  placing  a strain  on  wind  tunnel  measurement 
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and  testing  techniques.  New  concepts  for  wind  tunnel  test  measurements 
are  often  proposed;  however,  there  is  usually  a great  lag  between  technique 
development  and  application  in  production  wind  tunnels.  Most  of  these  new 
techniques  are  highly  sophisticated  and  require  great  care  in  their  appli- 
cation. In  the  early  stages  of  their  development,  these  techniques  work 
well  with  research  wind  tunnels;  nevertheless,  some  of  these  techniques 
show  promise  for  future  In^lementatlon  in  production  wind  tunnel  testing. 

The  literature  makes  mention  of  numerous  investigations  into  new 
types  of  measurement  and  testing  techniques  which  reportedly  provide  higher 
quality  data,  particularly  data  of  the  flow  field  away  from  the  model. 

These  techniques  also  address  some  of  the  tunnel  simulation  accuracy 
limitations  and  provide  means  by  which  a better  understanding  of  the  flow 
quality  can  be  obtained.  Indeed,  they  appear  to  be  very  promising  tools 
which  will  help  in  the  research  needed  for  understanding  such  factors  as 
separation,  shock  wave  interaction,  transition,  and  other  basic  phenomena 
(see  Section  2.6.4). 

Many  of  the  new  techniques  require  dedicated  computers  or  specialized 
computers  or  specialized  computer  and  numerical  analysis  methods  (e.g., 
pattern  recognition)  for  efficient  application  in  production  tunnels. 

Only  new  techniques  requiring  computers  will  be  discussed  here. 

Some  of  the  new  measurement  and  testing  techniques  which  show  promise 
Include  the  laser  veloclmeter  (LV) , holographic  Interferometry,  Molrfe 
pattern  recognition,  and  Infrared  scanning.  The  intelligent  wall  (which 
can  be  considered  a testing  technique),  discussed  in  Section  2.7  also 
shows  great  promise  for  improving  simulation  accuracy. 

Current  flow  diagnostic  devices  such  as  pitot  tubes  and  hot  wires 
cause  flow  perturbations  which  require  corrections  and  do  not  measure 
velocity  directly  (Ref.  2.95).  Furthermore,  many  presently  in  use  cannot 
measure  transient  phenomena  and  have  poor  spatial  resolution. 

The  new  techniques,  by  way  of  contrast,  are  optical  and  therefore 
non-lntruslve.  The  earliest  was  the  laser  veloclmeter  (LV) . The  LV 
provides  direct  measurement  of  velocities  involving  no  correction  factors 
(assuming  the  particles  are  moving  with  the  fluid  velocity).  It  has 
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proA^en  to  be  superior  to  the  conventional  techniques  used  for  velocity 
measurements.  The  frequency  response  and  continuous  measurement  capability 
coupled  to  a digital  computer  make  the  LV  technique  an  excellent  device 
for  mapping  flow  fields.  Including  areas  containing  shock  waves,  separation, 
transition,  and  reattachment. 

Problems  still  remain  with  the  LV  system  which  make  it  difficult 
to  use  in  production  tunnels  (Refs.  2.166,  2.209,  and  2.212).  Application 
of  the  LV  technique  requires  a dedicated  computer  of  small  size  for  data 
storage  and  analysis.  The  computer  size  Increases  if  the  technique  is  to 
be  used  for  turbulence  measurements. 

Another  technique,  which  is  used  for  analyzing  steady  and  unsteady 
flow  fields,  is  the  holographic  interferometer  (Ref.  2.167).  Holographic 
techniques  are  very  useful  for  the  examination  of  two-dimensional  flow 
fields  (Ref.  2.167)  as  well  as  the  aeroelastic  and  flutter  characteristics 
of  tunnel  models.  The  latter  use  could  also  be  helpful  for  studying  rigid 
model  deflections  (Ref.  2.64)  and  their  effect  upon  measured  model 
performance, 

Moir4  patterns  can  also  be  used  to  examine  model  deformation  (Ref.  2.3). 
Both  the  Moiri  and  the  holographic  techniques  require  the  application  of 
pattern  recognition  methods  to  automate  their  analysis  before  they  can  be 
useful  measurement  tools.  This  could  probably  best  be  accomplished  through 
the  use  of  dedicated  computers  of  appropriate  size  at  the  tunnel  site 
although  remote  access  to  a central  computer  could  be  used  if  the  usage 
priority  were  high  enough. 

The  Infrared  scanning  (IR)  technique  for  measuring  model  surface 
temperatures  has  been  under  development  at  AEDC  for  several  years.  This 
technique  allows  complete  temperature  maps  to  be  made  quickly  and  accurately. 
Presently  the  data  are  placed  on  analogue  tape  and  analyzed  offline,  but 
online  analysis  is  possible,  again  either  with  a dedicated  computer  or  by 
remote  access  to  a central  computer.  Online  analysis  of  all  of  these 
techniques  is  required  for  production  testing. 

TfieAe  appecm  to  be  a ■itA.ong  tn  tkt  ASAeoAcb  and  deveZoprmnt 

0^  opttcal  technologte^  that  may  be  appltzd  to  tmnoZ  tuting.  The 
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apptiacvtion  6opfU6tZaate.d  t&ahyUqueA  cm  lead  to  b&ttcA  undcutmeUng 

0^  IZjow  ^teZdi  and  model,  cf^^cct^  and  by  thet/i  uAc  ^tgUcittant  pixogiteM&  tn 
Itow  quality  can  be  expected.  Howevea,  developmental  wohk  Im  aeqvuAed 
be^oae  the  techniques  cm  be  routinely  used  In  production  tunnels. 

klZ  Ojf  the^e  techniques  require  online  connection  to  appropriately 
-sized  computers  and  the  ase  oi  -specialized  numerical  techniques  to  make 
them  useful  In  the  testing  env-iroment. 
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2.6  CALIBRATION  AND  BENCHMARK  EXPERIMENTS 


2.6.1  Historical  Backgroimd 

In  an  effort  to  account  for  disagreement  between  tests  made  in 
different  low  speed  wind  tunnels  at  the  same  Reynolds  number  and  between 
wind  tunnel  tests  and  free-flight  tests,  the  turbulence  sphere  was  intro- 
duced as  probably  the  first  of  the  significant  correlation  models.  Turbu- 
lence generated  in  wind  tunnels  by  the  propeller,  guide  vanes,  and  vibration 
of  the  walls  caused  some  aspects  of  flow  patterns  in  the  tunnel  to  be 
similar  to  those  in  free  flight  at  a higher  Reynolds  number  (Ref.  2.109). 

The  proper  application  of  the  turbulence  sphere  achieved  significant  success 
in  establishing  effective  Reynolds  numbers  for  the  tunnels  calibrated  with 
it,  making  possible  many  important  analyses  regarding  Reynolds  number  effects. 
Over  the  years  wind  tunnels  have  become  more  complex  along  with  the  problems 
they  were  built  to  solve.  Again,  in  an  effort  to  account  for  differences 
between  different  tunnels  and  between  tunnels  and  free  flight,  other 
correlation  models  have  been  introduced.  These  are  discussed  in  the 
following  section. 

2.6.2  Correlation  Studies 

For  the  more  complicated,  high  performance  tunnels  several  types  of 
models  have  been  used  in  various  correlation  studies  between  different 
tunnels  and  between  tunnels  and  free  flight.  These  are  discussed  below: 

2. 6. 2.1  Shock  Plate 

This  device  for  generating  a two-dimensional  shock  has  been  a 
valuable  tool  in  some  of  the  early  work  in  the  area  of  transonic  and  super- 
sonic test  section  wall  interference.  Its  main  application  has  been  in 
contributing  to  the  establishment  and  control  of  nominal  test  section 
conditions  for  various  types  of  ventilated  walls  (Refs.  2.108,  2.111, 
and  2.177). 

2. 6. 2. 2 Cone-Cylinder 

Testing  with  this  device  provided  the  same  type  information  as  did 
the  shock  plate  but  as  related  to  three-dimensional  flow  (Refs.  2.63  and  2.56). 
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2. 6. 2. 3 AEDC  10~degree  (Included  Angle)  Transition  Cone 

One  of  the  more  ambitious  and  comprehensive  correlation  studies  has 
involved  the  use  of  this  cone  in  23  different  wind  funnels  in  the  United 
States  and  Western  Europe  (Refs.  2,195  and  2.47).  One  significant  finding 
frdm  this^  series  of  tests  is  that  acoustics  can  have  an  effect  on  boundary- 
layer  transition,  although  the  details  of  this  effect  are  as  yet  undetermined. 
Results  from  these  tests  revealed  a large  variation  in  dynamic  flow  quality 
among  the  tunnels  investigated,  but  perhaps  the  most  important  fact  to 
emerge  was  that  the  mechanics  of  transition  remain  largely  unknown.  What 
determines  the  transition  Reynolds  number  is  still  undefined.  This  fact 
alone  is  very  valuable,  for  it  points  out  a basic  problem  which,  when, 
solved,  will  quite  likely  lead  to  the  most  significant  improvements  in 
aerodynamic  simulation  In  many  years  , . 

The  de-UulA  bounclaJiLj  Tjj.ijqm  pLa\fvi>i.ti.on  a/ie  itlZt  nut  unde/i- 

itoodf  and  theiA.  dete-’ani  mct.lon  iwald  coyiAtJtute.  a majoA  bAQ.cikthA.ough  tn 

j 

{/aid  mahanlii'i. 

2.6. 2.4  Complete  Airplane  Models 

This  is  one  area  that  has  .gotten  completely  out  of  hand.  At  best, 

there  has  been  only  a we,nk  attempt  at  coordinating  and  standardizing  tests 

involving  models  of  this  type.  Reference  2,57,  a 1961  textbook,  lists 

no  less  than  five  dlffei'ent  corre'lat.ion  models  for  transonic  ar\d  supersonic 

tunnels.  Since  that  time  various  agencies  and  pr.ivate  companies  have 

unilaterally  introduced  several  more,  and  at  this  writing  other  correlation 

models  are  in  the  planning  stage  (Refs.  2.42,  2.93,  and  2.191). 

! 

One  group  of  the  earlier  models  can  be  represented  by'  the  AGARD  B 
and  C models.  Coefficients  of  lift,  drag,  and  pitching  moment  were  measured 
for  the  AGARD  models  in  various  tunnel.s  at  various  percentages  of  blockage 
with  no  attempt  to  hold  Reynolds  number  constant  (Ref.  2,57).  Increased 
wall  interference  with  increase?!  model  blockage  was  apparent. 

One  group  of  correlation  •models  could  be  referred  to  as  the  transonic 
transport  type.  Of  this  group,  the  ONERA  calibration  models  have  been 
tested  extensively  in  both  the  United  States  and  Western  Europe  (Ref,  2.24). 


One  observation  from  these  tests  is  escapable;  In  some  cases  there  are 
significant  data  discrepancies  between  the  tunnels  involved  even  when  the 
model,  Mach  number,  and  Reynolds  number  are  apparently  fixed.  A representative 
cross-plot  showing  the  discrepancy  in  moment  coefficient  is  shown  in  Fig. 

2.18.  Agreement  for  the  lift  and  drag  coefficients  for  the  ONERA  tests 
was  substantially  better. 
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Fig.  2.18  ONERA  Model,  M=0.84,  Re=1.02  x 106,  Free  Transition 

(Ref,  2.24) 

TheAe  cul&  4ome  cu  yo^t  unexpiaZmd  vcuUanceA  -in  data  obtalmd  an 
iA)lnd  tunnelA  cut  ^appoi>^dJiy  thd  -iame  conditions . 
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A model  of  the  C-5A  was  used  as  a correlation  model  in  three  different 
tunnels  In  the  United  States  (Ref.  2.181).  Just  as  In  the  case  of  the 
ONERA  model,  lift  and  drag  agreed  fairly  well,  but  there  were  some 
differences  In  pltchlng-moment  comparisons. 

Th&  apparent  cU6cA.e.pan(U&6  that  have,  axtsen  tn  data  aompa/it&ons 
the  eomplete  OAXplane  eonAeJUutlon  models  mu6t  be  vtewed  ivtth  the  knowledge 
that  these  models  Involve  many  eomplex,  thAee-cUmens tonal  ^low  phenomena 
which  tnteAact  tn  some  undet^tned,  complicated  fashion,  when  the  more  basic 
flow  phenomena  (such  as  transition)  are  understood,  perhaps  with  the  aid 
of  benchmark  experiments  (Section  2.6.4),  then  It  Is  quite  likely  that 
most  of  the  discrepancies  will  disappear. 

With  all  the  different  correlation  studies  that  have  been  made  and 
will  be  made  In  the  future  with  a variety  of  models.  It  might  well  be 
beneficial  for  the  results  of  some  of  the  tests  to  be  available  as  a data 
base  for  any  tunnel  that  Is  Interfaced  with  a computer.  For  example, 
this  could  prove  helpful  In  arriving  at  an  effective  Reynolds  number  for 
a particular  tunnel  configuration. 

2.6.3  Research  Wind  Tunnels 

Research  wind  tunnels  have  made  a major  contribution  toward  under- 
standing various  fluid  mechanics  phenomena  and  discovering  new  facts; 
however,  they  will  continue  to  be  needed  as  tools  for  studying  basic 
problems  that  are  as  yet  unsolved.  Hence,  their  existence  and  operation 
must  be  maintained  and  their  performance  should  be  Improved  through  the 
use  of  new  technologies,  such  as  the  Intelligent  wall  (discussed  In 
Section  2.7.2)  for  removing  wall  Interference  effects. 

Research  wind  tunnels  o^  high  quality  must  be  available  iofi  controlled 
experiments  to  discover,  new  tracts. 

It  may  be  advisable  to  perform  some  old  experiments  In  these  Improved 
research  tunnels  to  check  out  new  measurement  techniques  such  as  the  laser 
veloclmeter.  These  tunnels  must  be  dedicated  completely  to  basic  research 
and  not  subject  to  Impressment  Into  a production  schedule  on  even  a part- 
time  basis.  The  personnel  that  operates  these  tunnels  must  be  selected 
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and  maintained  with  an  eye  to  the  special  skills  and  temperament  that  work 
of  this  nature  requires. 

R&6eaAch  Mind  timneLi  ma&t  be  aZtoMzd  thz  ^Aaadom  to  opoAotz  Mltkoivt 
thz  c.oMt/wu,Yvti>  and  objzctlvu  oi  a p/Loductlon-onlmt^d  anviAonment.  QuatC^ted 
people,  to  6uppont  and  operate  tke&e  tunnels  oAe  ai>  neee&iOAy  06  the  tunnels 
them  elves. 

To  make  these  tunnels  operate  in  the  highly  controlled  manner 
necessary  for  good  resolution,  it  probably  will  be  necessary  to  have  them 
Interact  very  heavily  with  computers,  both  in  regulating  tunnel  operating 
parameters  and  in  data  reduction.  One  Important  function  for  these  tunnels 
will  be  to  provide  the  environment  in  which  a number  of  benchmark  experiments 
(discussed  in  the  following  section)  can  be  run.  Another  function  may.  lie 
in  providing  production  tunnels  with  Information  that  would  make  better 
extrapolation  to  flight  conditions  possible.  This  aspect  is  discussed  in 
Section  2.7.1.  Although  research  tunnels  should  be  primarily  used  to 
uncover  new  facts,  they  can  also  be  used  to  verify  various  numerical  codes. 

This  concept  la  discussed  both  in  the  following  section  and  in  Section  2.7.4. 

2.6.4  Benchmark  Experiments 

Many  basic  viscous  fluid  mechanics  phenomena  such  as  transition,  shock 
wave/boundary  layer  interaction,  embedded  vortices,  and  separation  are 
directly  Influenced  by  wind  tunnel  Interference  effects  on  a model.  They 
are  also  associated  with  the  Interference  of  one  part  of  a flight  vehicle 
with  another.  At  the  risk  of  oversimplifying,  it  may  be  stated  that  these 
phenomena  receive  significant  Influence  from  two  sources: 

a.  Flow-field  features  (pressure  gradient,  fluctuations,  flow 
angularity,  poise,  etc.)  essentially  far  removed  from  a surface 
boundary, 

b.  Viscous  effects  of  the  fluid  (scaling). 

Pertaining  to  wind  tunnels,  if  "a"  is  well  defined,  then  "b"  will  be 
part  of  the  simulation,  and  the  overall  simulation  should  be  a good  one. 
Although  many  valuable  contributions  have  been  made  over  the  years  through 
wind  tunnel  testing,  "a"  is  still  not  sufficiently  defined  for  some  types 
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of  testing  needs.  On  the  other  hand,  for  computational  fluid  mechanics, 

"a"  presents  no  problem  because  it  can  be  put  in  the  governing  equations 
and  boundary  equations.  However,  "b"  becomes  a problem  If  turbulence  Is 
Involved.  The  modeling  of  turbulence,  which  significantly  Influences 
the  definition  of"b"  Is  simply  not  adequately  done  at  this  time.  In  fact, 
quoting  from  Jones  (Ref.  2.77)  of  NASA  Ames,  "Little,  if  anything,  new  In 
the  understanding  of  the  scaling  of  aerodynamic  data  has  come  about  in  the 
past  eight  years."  Realizing  the  Importance  of  turbulence  modeling  and 
the  present  inadequacy  of  It,  it  is  optimistic  to  note  that  the  scientific 
community  Is  expressing  a growing  interest  In  conducting  the  necessary 
experiments  to  make  true  turbulence  modeling  a reality.  Lee  (Ref.  2.98) 
of  Ohio  says,  "The  reaction  of  the  boundary  layer  to  compression  in  the 
transonic  range  often  produces  an  extensive  effect  upon  the  flow  field 
near  a vehicle  and  hence  upon  the  aerodynamic  forces.  The  phenomena 
will  remain  poorly  understood  and  unpredictable  until  there  is  available 
a body  of  reliable  experimental  evidence  from  which  accurate  conclusions 
may  be  drawn,  and  against  which  theoretical  predictions  may  be  compared." 
According  to  Marvin  (Ref.  2.109)  of  NASA  Ames,  "Because  turbulence  modeling 
la  empirical  by  nature,  successful  development  relies  on  a substantial 
data  base,  not  only  for  verification  of  postulated  models,  but  for  providing 
guidance  in  model  development." 

ExpeAMmntaZ  Xn^oAmcutcon  nzzdzd  <u  a bcu>.i6  a.  tuAbuZence  model. 
oA  ^cmiZy  models  that  hcu,  phy^tcaZ  AeZevance. 

Benchmark  experiments  to  Isolate  various  phenomena  for  study  should 
be  conducted  In  the  research  tunnels  described  in  the  preceding  section. 

A representative  set  of  benchmark  experiments  is  listed  in  Ref.  2.109. 
Basically,  the  list  consists  of  two-dimensional  and  three-dimensional 
attached  flows,  separation  and  reattachment  flows,  trailing  edge  flows, 
shock/boundary-layer  Interaction  flows,  wake  flows,  corner  flows,  and 
3-D  tip  flows.  This  list,  of  course,  Is  not  inclusive.  Whatever  the 
details  are  for  each  experiment,  the  Important  thing  Is  that  only  one  flow 
phenomena  should  be  emphasized  at  a time.  Initially,  experimental  and 
computational  solutions  can  be  compared  with  analytic  solutions  to 
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establish  credibility  and  confidence  In  procedures.  Wk2.n  the.  QQ-Ometfiy 
0(5  the.  con^i-lguAcution  k<U  tncAease-d  tn  compt^xlty  to  the.  potnt  that  no 
anaZyttc  6olutton  &)oUt6,  then  the  expeAlmentaZ  and  computational. 

6otutton^  should  be  coHAted  out  tndependentZy  o^  each  otheJt.  When  both  of 
these  techniques  are  In  agreement,  the  complexity  of  the  configuration 
may  be  Increased  and  the  process  repeated  until  the  list  of  benchmarks 
has  been  completed, 

TheAe  Xa  a need  ^oa  a AenteA  o£  weJUi-poAed  expeJumentA  tn  the 
AeAeoAch  lacnd  tannetA  cohtch  axe  {^e  ^Aom  ^Aee  AtAeam  and  MoZt  titexlexence 
eiiectA,  to  iAolate  and  define  a numbex  0(5  tn^luentiat  boAtc  phenomena 
which  thuA  ioA  have  avoided  Au^^lclent  InteApAetatlon. 

Again,  on  considering  the  list  of  general  benchmark  experiments 
mentioned  above.  If,  during  the  sequence  of  experimental-computational 
combinations,  a physically  relevant  turbulence  model  could  be  ascertained, 
then  It  Is  possible  that  all  the  basic  viscous  fluid  mechanics  phenomena 
mentioned  at  the  beginning  of  this  section  could  be  defined,  with  the 
possible  exception  of  transition.  Even  for  transition,  It  may  be  that. 

In  the  process  of  determining  a turbulence  model,  the  true  details  of 
transition  may  emerge. 
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2.7  FUTURE  INTEGRATED  USE  OF  COMPUTERS  AND  WIND  TUNNELS 

2.7.1  Extrapolation  to  Flight  Conditions 

2. 7. 1.1  Overview  of  Drag  Extrapolation 

Present  wind  tunnels  are  unable  to  meet  the  Reynolds  number  require- 
ments of  modern  aircraft  (see  Section  2.3.4).  The  National  Transonic 
Facility,  which  is  being  constructed  at  NASA-Langley , will  provide  a 
testing  environment  at  the  necessary  Reynolds  number,  but  it  will  not 
be  able  to  perform  all  of  the  needed  high  Reynolds  number  transonic  testing. 
Therefore,  the  need  to  extrapolate  low  Reynolds  number  tunnel  tests  to 
flight  conditions  will  continue  to  exist. 

It  is  Important  to  be  able  to  extrapolate  tunnel  tests  with  the 
confidence  that  the  result  will  accurately  predict  the  actual  flight 
situation.  This  necessitates  not  only  tests  in  high  quality  tunnels  using 
high  standards  of  testing  techniques  but  also  the  use  of  valid  extrapolation 
procedures.  This  section  will  address  the  latter  problem.  Uncertain 
scale  effects  can  have  very  negative  effects  on  the  aircraft  design  process 
and  the  final  aircraft.  This  problem  was  discussed  in  detail  in  Section  2.2. 

This  section  will  concentrate  upon  the  extrapolation  of  the  drag 
coefficient  because  of  the  present-day  importance  of  this  problem  and  the 
large  amount  of  literature  about  it.  The  moment  coefficient  presents  a 
greater  problem,  but  this  will  not  be  discussed;  only  the  subsonic  and 
transonic  ranges  will  be  covered.  The  very  large  problem  of  the  engine 
Installation  drag  will  also  be  omitted  because  it  is  too  poorly  understood. 

2. 7. 1.2  Reynolds  Number  Sensitive  Flow  Phenomena 

It  is  important  initially  to  determine  which  flow  phenomena  are 
sensitive  to  scale  effects  (Reynolds  number)  and  which  are  not  because 
only  those  sensitive  phenomena  need  to  be  scaled  to  flight  conditions. 

The  effort  toward  designing  NTF  resulted  in  a study  of  Reynolds  sensitive 
phenomena,  and  a list  resulting  from  that  inquiry  is  given  in  Ref.  2.77. 

Scale  effects  have  also  been  studied  extensively  on  supercritical  wings 
(Ref.  2.26).  A partial  list  of  phenomena  generally  accepted  as  sensitive 
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to  Reynolds  number  is  as  follows ; boundary-layer  thickness , wall  skin 
friction,  boundary-layer  transition,  flow  separation,  shock/boundary- 
layer  interaction,  and  three-dimensional  viscous  interactions  (Refs.  2.11, 
2.26,  2.77,  2.98,  and  2.191). 

There  are  problems  identifying  Re  sensitive  phenomena  in  a tunnel. 

For  example,  most  tunnels  vary  Reynolds  number  by  varying  the  dynamic 
pressure,  q.  High  q conditions,  however,  can  cause  large  deflections 
of  the  model  (Refs.  2.2  and  2.35)  resulting  in  vastly  different  geometrical 
conditions  and  making  it  almost  Impossible  to  separate  the  true  Reynolds 
number  effect.  Wall  and  tunnel  flow  quality  can  also  have  uncertain 
influences  on  the  measured  phenomena.  The  true  tunnel  angle  of  attack  is 
unknown,  because  of  wall  Interference  effects,  and  the  flight  angle  of 
attack  is  also  unknown.  Hankey,  at  AFFDL,  has  had  some  correlation  success 
by  plotting  uncorrected  txannel  measurements  of  lift  coefficient  versus 
moment  coefficient  in  an  attempt  to  eliminate  the  unknown  angle  of  attack. 

An  example  is  shown  in  Fig.  2.19.  Tunnel  flow  disturbances  can  also 
influence  the  test  results  by  moving  the  location  of  boundary-layer  transition 
thereby  influencing  the  boundary-layer  thickness  and  shock/boundary-layer 
Interactions  (Ref.  2.26).  Any  numerical  computations  that  are  used  to 
extrapolate  tunnel  test  results  must  include  corrections,  however  poorly 
understood,  for  wall  interference  flow  quality.  The  Intelligent  wall 
will  offer  an  opportunity  to  eliminate  the  large  uncertainty  due  to  the 
wall  effect  (see  Section  2.7.2). 

The  failure  to  extrapolate  the  correct  shock  location  on  the  C-141 
wing  from  tunnel  tests  has  been  the  object  of  much  discussion.  The 
original  measurements  indicated  that  it  would  be  difficult  to  predict  the 
flight  shock  location  from  the  tunnel  tests  (Ref.  2.11).  Later  tests 
performed  in  the  Lockheed-Georgla  Co.  compressible  flow  facility  (CFF) 
showed  that  the  high  Re  tunnel  tests  matched  the  flight  test  shock  position 
(Ref.  2.191).  Present  theory  also  indicates  movement  of  the  shock  with 
Reynolds  number  on  a supercritical  wing  (Ref.  2.11).  Recent  measurements 
in  the  Ohio  State  University  two-dimensional  transonic  wind  tunnel  place 
some  doubt  upon  these  results.  The  OSU  tunnel  has  top  and  bottom  plenums 
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which  are  not  pumped  but  are  allowed  to  come  to  their  own  pressures, 
resulting  in  essentially  interference-free  conditions  for  unseparated 
two-dimensional  transonic  flows  (Ref.  2.191).  The  C-141  wing  was  examined 
with  free  boxmdary-layer  transition  in  that  tunnel.  The  angle  of  attack 
was  varied  xmtll  the  pressure  distribution  matched  the  measured  distribution 
in  flight;  variation  of  Reynolds  number  then  showed  no  essential  changes 
in  the  shock  location  or  the  pressure  distribution  (Fig.  2.20),  casting 
doiibts  upon  the  previous  conclusions  concerning  Reynolds  number  effects. 

Even  less  Reynolds  number  dependence  of  the  flow  over  a supercritical  wing 
was  observed  in  this  tunnel. 

MoAe.  AeAtoAah  neerf6  to  be.  done,  to  deteAmine  the  tn^Zuence  o^  tunneZ 
MoZift  on  ^Zom  about  bodies  and  to  obtain  moAe  undeAAtandlng  o^  the  e^^^eet 
0^  ReynoZdU  numbeA.  changes,  when  the  ReynoZds  numbeA.  Is  ZoAge  (gaeateA 
than  5 x 7d<^),  on  ^Zow6  ol  aeAodynamle  Inteaest.  Because  tanneZ  and  ^Zight 
ReynoZds  numbeA  do  not  oveAZap  land  wlZZ  not  untlZ  NTF  Is  opeAotionaZ} , 

■it  Is  dllllcuZt  pAesentty  to  ^epoAote  the  two  e^iects. 

2. 7.1.3  Present  Extrapolation  Procedures 

I 

Realistic  drag  predictions  use  historical  data,  empirical  relation- 
ships, wind  tunnel  data,  and  theoretical  analyses.  As  pointed  out  by 
Bowes  (Ref.  2.30),  "The  manner  in  which  these  resources  are  used  to  blend 
together  into  a prediction  is  subject  to  the  experience  of  the  design 
team,  the  degree  to  which  the  configuration  resembles  previous  models, 
and  the  amount  of  proprietary  experimental  data  available  to  the  engineer." 
The  procedures  are  reasonably  accurate  if  the  flow  is  attached  and  the 
pressure  distribution  does  not  change  very  much  with  Reynolds  number. 

Discussion  will  be  limited  for  the  moment  to  the  profile  drag 
(which  amounts  to  60  percent  of  the  drag  of  a transonic  transport  (Ref. 
21.139)  ).  Present  semiempirical  extrapolation  procedures,  such  as  the 
Squire-Young  momentum  defect  method  (Ref.  2.171)  or  the  flat  plate  plus 
shape  factor  method  (Ref.  2.139)  require  in  their  greatest  generalizations 
accurate  potential  flow  and  boundary-layer  computations , using  an  assumed 
turbulence  model,  transition  and  location,  and  effective  Reynolds  number 
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Fis«.  2«20  Pressure  Distributions  on  Suction  Surface  of  C-liil  Section. 
° ' M • 0.8l,  0 ■ 5°  (Variation  VJlth  Reynolds  Number) 

(Ref.  2.98) 
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for  the  tunnel  (Refs.  2.42,  2.46,  2.141,  2.194,  and  2.195).  The  effective 
Reynolds  number  is  required  to  account  in  a simple  way  for  the  influence 
of  tunnel  disturbances  on  the  flow  (see  Section  2.62).  Resulting  drag 
estimates  are  then  corrected  for  an  assumed  forward  motion  of  the  transition 
point  on  the  flight  vehicle  (Refs.  2.2  and  2.141).  Note  that  the  actual 
transition  location  in  flight  is  unknown  (Ref.  2.2). 

Problems  arise  from  several  sources.  Fot  example,  the  flight  vehicle 
has  a roughness  that  is  difficult  to  model.  More  importantly,  the  present 
semiempirical  techniques  have  problems  modeling  the  interference  between 
the  various  parts  of  the  vehicle,  separated  flow  regions,  compressibility 
effects  (which  lead  to  the  drag  rise),  and  the  engine  integration.  Problems 
also  arise  with  some  of  the  new  supercritical  wings  that  are  expected  to 
be  shock-free  at  flight  Reynolds  number  but  not  at  the  tunnel  Reynolds 
number  (Ref.  2.141). 

In  addition  to  the  above  semiempirical  techniques,  some  computational 
solutions  of  the  viscous  flow  about  two-dimensional  aircraft  components 
are  proving  useful.  Three-dimensional  techniques  cannot  be  applied  as 
yet.  Present  computational  techniques  are  useful  for  critical  analysis, 
but  they  cannot  be  used  to  calculate  a drag  polar  (for  example,  see 
Ref.  2.30).  At  this  stage  of  progress  the  new  analysis  techniques  have 
identified  drag  prediction  uncertainties  and  their  sources  but  have  not 
improved  the  prediction  accuracy. 

Drag  prediction  and  extrapolation  techniques  presently  require 
extensive  flight  tests  for  validation.  It  is  a very  difficult  task  to 
perform  an  accurate  bookkeeping  of  the  sources  of  drag  on  a full-size 
aircraft,  not  to  mention  the  problem  of  determining  the  thrust.  For  a 
full  discussion  see  Refs.  2.30,  2.32,  2.125,  and  2.139.  Figure  2.21 
indicates  the  steps  taken  by  the  Lockheed  Corporation  to  analyze  the 
C-130  drag.  At  the  present  Ime  the  flight  test  comparisons  are  the  only 
means  for  validating  the  extrapolation  procedures . 

It  is  a common  practice  to  place  grit  on  an  aircraft  surface  near 
the  leading  edge  to  cause  early  boundary-layer  transition  and  thereby 
simulate  a higher  Reynolds  number.  This  method  also  has  the  advantage 
of  fixing  the  transition  location  for  all  model  orientations,  which 
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C-130  DRAG  ACCOUNTABILITY  STUDY 


0 OBJECTIVES 

o IDENTIFY  SOURCES  OF  DRAG 
o GENERATE  DRAG  DATA  BANK 

o develop  drag  reduction  concepts 


0 APPROACH 

0 USE  THEORETICAL  METHODS  TO  DETERMINE  PRESSURE  AND 
FRICTION  DRAGS  OF  ISOLATED  AND  INSTALLED  COMPONENTS 

o PERFORM  WIND  TUNNEL  TESTS  FOR  FILLETING  AND  AFTER- 
BODY RE-DESIGN 

0 . THEORETICAL  METHODS 

o 2-D  TRANSONIC  AIRFOIL  ANALYSIS  METHOD 
o 3-d  SUBSONIC  PANEL, PROGRAM 
o 2-D  STRIP  BOUNDARY  UYER  PROGRAM 
o' 3-D  BODY  BOUNDARY  LAYER  CODE 
o WEAK  INTERACTION  SUBSONIC  WING  PROGRAM 


Fig.  2.21  (Ref.  2.141) 
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makes  the  extrapolation  procedure  easier.  However,  this  is  a questionable 
practice.  Blackwell  (Ref.  2.26)  suggests  a more  rational  procedure  which 
requires  computations  of  boundary-layer  growth  on  the  model.  Also, 
recall  that  Lee  (Ref.  2.98)  obtained  good  results  in  his  interference- 
free  tunnel  with  free  transition. 

The  accuracy  of  the  present  extrapolation  procedures  is  open  to 
some  debate.  The  present  discussion  is  offered  to  provide  a base  from 
which  to  compare  the  future  techniques  and  to  identify  future  opportunities . 

It  is  commonly  stated  that  the  wind  tunnel  is  capable  of  measuring 
the  drag  coefficient  to  within  one  drag  count  (Cjj  = 0.001)  (Ref.  2.69) 
but  it  must  be  remembered  that  this  is  tunnel  precision,  and  not  the 
ultimate  simulation  accuracy,  which  can  be  determined  only  by  comparing 
extrapolated  tunnel  measurements  and  flight  test  measurements. 

First  consider  the  accuracies  of  the  semi-empirical  extrapolation 
procedures.  The  empirical  flat  plate  skin  friction  correlations  agree 
with  one  another  to  within  1 to  2 drag  counts  but  come  from  data  with  a 
scatter  of  +10  percent  (+3  drag  counts)  in  the  Reynolds  number  range  from 
3 to  40  X 10^.  Smith  and  Cebeci  (Ref.  2.171)  found  a 2.9  percent  error 
between  measured  and  calculated  profile  drag  for  airfoils  using  the 
momentum  defect  method.  This  error  resulted  from  the  calculation  of  the 
trailing-edge  momentum  thickness,  an  incorrect  assumed  transition 
location,  and  the  empirical  wake  decay  expression.  Also,  a direct 
calculation  of  the  wing  drag  using  a potential  flow  and  a turbulent 
boundary-layer  program  failed  badly.  These  results  would  indicate 
problems  with  the  simplest  of  drag  extrapolation. 

Few  comparisons  between  the  predicted  and  flight  test  measured 
drag  coefficients  have  been  published.  One  was  on  the  C-5A  aircraft 
where  the  two  figures  differed  by  1 to  3 percent  (2  to  7 drag  counts), 
depending  upon  the  procedure  used  (Ref.  2.139)  (see  Fig.  2.22).  Bowes 
(Ref.  2.30)  made  an  extensive  examination  of  the  drag  prediction  problem. 

He  estimated  that  the  minimum  profile  drag  can  be  estimated  to  +1  percent 
of  total  drag,  the  subcrltlcal  lift  depending  drag  to  percent,  and 
the  compressibility  drag  to  +3  percent.  Flight  test  drag  measurements 
were  accurate  to  +1  percent  for  steady-state  testing  (very  expensive) 
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C-5A 


COMPARISON  BETWEEN^MOOEL  AND  FULL  SCALE  DRAG 
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and  +4  percent  for  quasi-steady  and  dynamic  testing.  His  overall 
accuracy  rating  for  subsonic  transports  at  cruise  conditions  is  given 
below. 


L/D  Level  Achieved 
+3  percent 
+5  percent 
+7  percent 
+10  percent 


Rating 
Amazing 
Very  Good 
Average 
Below  Average 


These  levels  are  obviously  not  acceptable,  especially  for  a high 
performance  military  aircraft.  It  AJi  anti(Upat&d  that  a combtnatton  Ojf 
■itmiitcution  mphavmdntA  tn  tunneZd  and  gae/xteA  ix^o.  oi  moae  advanced 
computational  techniques  phu>  the  addition  oi  the  high  Reynolds  numbeA 
tunnel,  NTF,  Mill  alloco  Improvements  to  be  made  In  the  accuracy  o^  the 
predicted  performance  of  future  aircraft.  In  addition,  less  reliance 
will  then  have  to  be  made  upon  experience  gained  from  previous  tunnel 
and  flight  tests  on  geometrically  similar  configurations. 


2, 7.1.4  Future  Extrapolation  Procedures 

The  next  generation  of  drag  extrapolation  procedures  will  take 
advantage  of  the  advances  in  computational  techniques  which  are  now 
occurring  and  the  great  advances  in  computer  size  and  speed  which  have 
recently  taken  place.  The  new  computing  speed  and  Improved  numerical 
techniques  will  reduce  the  computing  time  and  cost  to  make  them 
attractive  for  aircraft  design.  To  be  useful  to  the  aircraft  designer, 
both  the  computational  techniques  and  the  computing  power  must  be 
readily  available  to  him.  The  design  techniques  will  always  remain 
proprietary,  and  it  is  therefore  necessary  that  the  computing  be 
performed  at  the  company  location,  by  company  personnel. 

Although  the  present  extrapolating  procedures  are  semiempirical, 
the  future  techniques  will  be  based  more  upon  analysis.  Computational 
techniques,  validated  by  experiments,  will  play  an  increasingly  important 
role  (Ref.  2.32).  NTF  will  play  an  important  role  in  code  validation, 
assuming  that  great  care  is  taken  to  ensure  that  the  simulation  accuracy 
in  this  tunnel  is  the  best  that  can  be  achieved  by  using  intelligent 
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walls,  etc.  Butler  (Ref.  2.32)  has  suggested  a "synthesis"  approach  to 
drag  estimation  which  divides  the  drag  sources  according  to  their  fluid 
mechanics  origin  and  allows  for  the  progressive  introduction  of  computa- 
tional methods  as  they  become  available  for  each  source.  This  analysis 
technique  undoubtedly  will  be  implemented  in  the  future  and  will  hasten 
the  goal  of  predicting  flight  drag  to  within  one  drag  count. 

Although  the  future  prospects  for  computing  viscous  flows  are 
discussed  fully  in  Section  3.0,  a summary  of  those  aspects  relating  to 
future  drag  prediction  will  be  useful  here.  The  ultimate  goal  would  be 
to  calculate  the  viscous,  three-dimensional,  turbulent  flow  about  a 
complete  aircraft  configuration  for  the  flight  Mach  number  and  Reynolds 
number.  That  goal  will  not  be  attained  in  the  foreseeable  future.  However, 
certain  aspects  of  that  goal  relating  to  aircraft  components  will  be 
achieved. 

To  begin  with,  the  following  statements  depend  upon  the  availability 
of  a turbulence  model  with  enough  sophistication  to  obtain  results  with 
sufficient  engineering  accuracy.  Transition  will  probably  not  be  under- 
stood well  enough  to  be  computed  a priority,  and  its  position  will  have 
to  be  empirically  modeled.  Then,  assuming  a satisfactory  turbulence  model, 
three-dimensional  viscous  flows  which  are  dominated  by  the  external  pressure 
gradient  (such  as  cross  flows  over  fuselages)  will  be  computable,  but 
those  flows  which  are  primarily  viscous  interactions  (e.g.,  wing-body 
junction  with  embedded  secondary  vortices)  will  not  be.  Any  embedded 
vortices  will  have  to  be  added  empirically.  The  shock/boundary-layer 
interaction  and  two-dimensional  separated  regions  will  result  automatically 
from  the  computations.  This  will  mean  that  many  individual  aircraft 
components  can  be  analyzed  by  computations  but  that  the  interactions 
between  the  individual  pieces  will  still  have  to  be  measured  in  the  tunnel. 
This  will  greatly  assist  in  determining  interactions  which  are  causing 
problems  and  in  solving  these  problems . 

In  the  transonic  speed  range,  NTF  (with  intelligent  walls)  can  be 
used  to  validate  the  computational  procedures  by  examining  Individual 
components.  Once  the  codes  are  validated,  then  they  can  be  used  to 
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extrapolate  the  data  obtained  in  the  lower  Reynolds  nxnnber  tunnels, 
following  perhaps  the  synthesis  procedure  of  Butler  (Ref.  2.32),  while 
using  empirical  interaction  and  transition  information.  These  codes  can 
also  be  used  to  calculate  body  flows  at  lower  Reynolds  number  characteristic 
of  existing  tunnels,  and  differences  between  the  computations  and  the 
measurements  can  be  used  to  assess  the  effect  of  tunnel  interferences. 

Future  extrapolation  procedures  will  be  based  upon  analysis. 
Computational  techniques,  validated  by  experiments,  will  play  an  in- 
creasingly important  role.  The.  HdtLoYuiZ  TAamoyLic.  VacJJLity  m-LZZ  pZa.y  an 
mpoKiayvt  Kole.  xn  code.  vaZtdatxxjn. 

2.7.2  The  Intelligent  Wall 

An  excellent  possibility  for  the  future  integrated  use  of  computers 
and  wind  tunnels  is  the  joint  use  of  the  computer  and  the  "intelligent 
wind  tunnel"  in  closed-loop  form.  Several  concepts  of  this  joint  use 
are  currently  being  proposed  (Table  2.8  is  a list  of  R & D efforts  to 
design  an  intelligent  wall  wind  tunnel;  these  were  identified  at  the  time 
this  was  written).  Investigators  report  that  steady  progress  has  been 
made  since  early  1973,  and  at  least  one  investigator  has  predicted  that 
a full  production  intelligent  wall  wind  tunnel  will  be  in  operation  in 
the  mid  1980's  (Ref.  2.93). 

The  idea  of  the  intelligent  wall  wind  tunnel  was  first  proposed  as  a 
"flexible  wall"  wind  tunnel  by  a group  of  engineers  in  England  between 
1942  and  1944  (Ref.  2.204).  Several  flexible  wall  tunnels  were  built 
during  that  period;  however,  they  were  not  practical,  since  they  were  very 
limited  in  their  test  capabilities  and  moreover  were  not  truly  "intelligent," 
since  they  were  not  converging  with  any  numerical  solution  for  the  far 
field  (there  were  no  numerical  methods  available  for  this  purpose  in  the 
early  1940 *s).  At  that  time,  the  wind  tunnel  was  seen  as  an  adequate 
simulator  of  low-speed  flight,  and  aerodynamlclsts  were  not  confronted 
with  the  V/STOL  or  transonic  problems  of  today. 

The  flexible  wall  tunnel  concept  remained  the  subject  of  light 
discussion  and  did  not  receive  serious  attention  until  the  early  1970 's. 
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INVESTIGATORS 

LOCATION 

FACILITY 

CTest  Sect.) 

Reported 

Name  of  Experiment  and 

Funding  Agency 

A.  Ferri,  P.  Baronti 

Advanced  Tech.  Lab. 
Westbury,  NY 

AFFDL  Tunnel 
Transonic 

Jan,  1973 

Interference-free  Transonic 

Wind  Tunnel  (0NR,AF0SR,AEDC) 

W.  R.  Sears,  R.  J.  Vidal 

J.  C.  Erickson,  Jr., 

P.  A.  Gatlin 

CALSPAN  Corp. 
Buffalo,  NY 

10"  X 12" 

Transonic 

July  1973 

Self-correcting  Wind  Tunnel 
(ONRjAFOSRjAEDC) 

T.  M.  Weeks 

AFFDL  Wright-Patt. 
AFB.  OH 

15"  X 15" 
Transonic 

March  1975 

Reduced  Interference  Slot- 
Contoured  Wind  Tunnel  (ONR, 

AFOSR,  AFFDL) 

M.  J.  Goodyer,  M.  Judd 

S.  W.  D.  Wolf 

University  of 
Southamp  ton  (U . K . ) 

6"  X 12" 

Subsonic 

Aug.  1975 

Self-s teamlining  Wind  Tunnel 
(NASA-Langley) 

J.  P.  Chevallier 

ONERA 

Chatillon,  France 

180mm  X 180mm 
Transonic 

Mairch  1976 

Auto-adaptable  Wall  Wind  Tunnel 
(ONERA) 

R.  G.  Joppa 

S.  Bernstein 

University  of 
Washington,  Seattle 

8'  X 1’ 

Subsonic 

April  1976 

Minimum-correction  Wind  Tunnel 
(NASA-Langley) 

J.  C.  Vayssaire,  M.  Lansot 

M.  Menard 

Aero- Institute 
Saint-Cyr , France 

0.85m  X 0.85m 
Transonic 

Oct.  1976 

Variable  Permeability  Wall 

Wind  Tunnel  ( S . T . Ae ' ) 

E.  M.  Kraft 

R.  L.  Parker 

AEDC,  Arnold 

AFS,  TN 

12"  X 12" 

Transonic 

July  1977 

Adaptive-Wall  Wind  Tunnel 
(AEDC) 

R.  M.  Barnwell 

J.  Everhart 

NASA-Langley 

Hampton,  VA 

6"  X 19" 

Transonic 

(current) 

Adjustable  Wall  Wind  Tunnel 
(NASA-Langley) 

D.  J.  Harney 

A.  W.  Fiore 

AFFDL — Wright-Patt . 
AFB,  OH 

9"  X 9" 

Transonic 

(current) 

Adjustable  Wall  Wind  Tunnel 
(AFFDL) 

J.  Lee,  J.  Gregor ik 

Ohio  State  Univ. 
Columbus , OH 

0 X ^ ^ 

Transonic 

■ 

(current) 

Interference-free  Wind  Tunnel 
AFFDL,  NASA-Ames,  Boeing,  _ 1 
Lockheed. 

Table  2,-8  "Intelligent  Wall"  Wind  Tunnel  Experimental  Studies 


when  interest  in  V/STOL  and  transonic  air  vehicles  began  to  place  greater 
demands  on  the  quality  of  data  obtained  from  wind  tunnels.  At  that  time, 
plans  were  being  drawn  up  for  a National  Transonic  Facility,  and  this 
gave  added  impetus  to  the  attempt  to  design  an  improved  test  section. 

Since  an  intelligent  wall  wind  tunnel  design  has  not  yet  been  completed, 
the  NTF  test  section  will  have  conventional  features  (slotted  walls); 
however,  it  will  make  some  provisions  for  improvements  and  for  incorporating 
intelligent  wall  features  as  they  become  feasible  (Ref.  2.11). 

Aerodynamicists  agree  that  the  Intelligent  wall  wind  tunnel  can 
improve  the  quality  of  test  data  in  a nuinber  of  ways,  among  which  are: 

a.  increased  flow  quality 

b.  absorption  of  the  shock  wave 

c.  blockage  reduction  (model  and  wake) 

d.  increased  model- to-tunnel  ratio  (higher  Reynolds  number 

e.  improved  model  accuracy  (resulting  from  larger  model) 

Such  Improvement  on  the  quality  of  test  data  would  approximate  "inter- 
ference-free conditions."  These  conditions  are  attained  using  a 
computational  fluid  dynamics  model  to  simulate  the  far  field. 

In  1972,  Professors  Ferri  and  Sears  proposed  that  a wind  tunnel  that 
simulates  unconfined  flow  could  conceivably  be  built.  At  that  time,  they 
also  proposed  the  theoretical  and  experimental  basis  for  the  intelligent 
wall  concept.  A refined  version  of  their  original  concept  is  the  basis 
for  current  R & D of  the  intelligent  wall  wind  tunnel.  Unconfined  flow 
conditions  in  the  wind  tunnel  would  be  achieved  through  an  iterative  scheme 
by  active  wall  control,  in  such  a way  that  the  flow  field  interior  to  the 
tunnel  walls  would  be  unaffected  by  the  presence  of  the  walls.  Compatability 
of  any  two  independent  variables  (at  a controlled  surface  near  the  tunnel 
boundary)  with  the  far  field  or  free-air  boundary  conditions  results  in 
an  exterior  flow  that  is  the  same  as  that  which  would  exist  in  flight. 

It  then  follows  that  the  interior  flow  must  be  compatible  with  that  existing 
in  free  flight  (i.e.,  the  interior  flow  must  be  free  of  wall  interference 
effects) . 

Tunnel  wall  adjustments  are  made  on  the  basis  of  the  difference 
between  the  measured  and  computed  parameters  (either  pressure  or  flow 
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angularity  distributions).  The  process  is  repeated  over  and  over,  and 
each  time  the  wall  and/or  plenum  pressure  and  porosity  are  adjusted 
until  conditions  within  the  tunnel  "converge”  with  those  in  the  far  field. 

This  iteration  scheme  requires  only  that  a theoretical  far  field  be 
computed  (by  digital  computer)  while  the  wind  tunnel  is  used  as  an  analog 
computer  to  obtain  the  interior  flow  field.  This  is  especially  significant 
since  the  flow  field  around  the  model  is  shock  infested,  viscous,  and 
separated  and  would  be  an  extremely  difficult  problem  to  solve  by  digital 
computer.  Instead,  the  measured  pressures  or  flow  angles  along  the  boundary 
inside  the  tunnel  become  the  boundary  conditions  for  a boundary  value 
problem.  Initial  numerical  techniques  involve  calculations  of  two-dimensional 
flows  over  an  airfoil  using  linear  potential  subsonic  theory  (Prandtl- 
Glauert) . This  method  is  extended  to  high  subsonic  flows  with  lifting 
wings  where  the  disturbances  in  the  far  field  are  still  very  small.  At 
higher  Mach  numbers,  however,  the  small-disturbance  transonic  equation 
replaces  the  linear  theory  in  order  to  account  for  flow  disturbances  due 
to  shock  waves  at  the  tunnel  walls.  One  type  of  numerical  computation 
involves  the  use  of  the  Murman  and  Cole  finite-difference  technique 
(Ref.  2.163).  A revised  version  of  the  Murman  and  Cole  technique  is  a 
program  which  was  "improved  by  a coordinate  transformation  which  maps  the 
infinite  domain  about  the  airfoil  into  a finite  domain  and  hence  allows 
an  exact  application  of  the  boundary  conditions  at  infinity"  (Ref.  2.49). 

Using  a similar  Murman-type  solution,  Lo  and  Kraft  (Ref.  2.100)  recently 
performed  a numerical  simulation  for  supercritical  flow  at  M“  = 0.9 
and  report  that  "excellent  results  were  achieved  in  three  iterations  and 
complete  convergence  to  unconfined  flow  conditions  was  obtained  in  five 
Iterations . " Some  of  these  two-dimensional  techniques  can  be  extended  to 
three  dimensional  axisymmetrlc  models  in  circular  or  axisyrametrlc  tunnels. 
Nevertheless,  three-dimensional  computations  and  experiments  have  not 
been  conducted  as  of  this  writing,  although  some  investigators  have  made 
projections  and  estimates  of  the  measurement  and  the  computational 
requirements.  In  the  future,  extensions  to  three-dimensional  testing  at 
highly  supercritical  conditions  are  expected  to  require  the  use  of  the 
full  potential  equation.  A discussion  on  the  computer  size  requirements 
for  a hypotehtlcal  three-dimensional  case  may  be  found  in  Section  4.0. 
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At  this  point,  the  details  of  several  Intelligent  wall  concepts 
can  be  considered.  Figure  2.23  Is  a sketch  of  the  test  section  of  the  CALSPAN 
two-dimensional  one-foot  tunnel  (self-correcting  transonic  wind  tunnel) . 

The  plenum  has  been  segmented,  and  the  top  and  bottom  walls  are  ventilated 
(using  variable  porosity) . Twenty  sensors  along  the  top  and  bottom  walls 
are  used  to  measure  the  streamwlse  and  normal  velocity  components  of  the 
flow.  Flow  angles  could  be  resolved  to  0.03  deg.  (Refs.  2.161  and  2.163). 

Using  a NACA  0012  airfoil  with  a 6-inch  chord,  tests  were  run  in  the 
CALSPAN  8-foot  tunnel  to  acquire  virtual  interference-free  data  (however, 
see  Section  2.7.1).  A test  then  followed  in  the  1-foot  tunnel  (in  the 
conventional  mode)  where  considerable  wall  interference  was  noted.  Figure 
2.24  Illustrates  how  these  two  sets  of  data  then  compare  with  data  acquired 
after  three  Iterations  of  the  intelligent  wall  control  (adjustment  of  the 
plenum  pressure  and  wall  porosity).  The  result  shows  how  the  drag 
coefficient  converges  to  the  "interference-free"  data  from  the  8-foot 
tunnel.  Figure  2.25  also  shows  the  convergence  of  the  pitching  moment  to 
the  interference-free  data.  Work  at  this  facility  is  continuing  and 
experiments  at  higher  Mach  numbers  are  being  conducted. 

Other  intelligent  wall  work  which  is  well  documented  (Refs.  2.14  and 
2.190)  involves  experiments  at  the  AFFLD-Trisonlc  Gasdynamics  Facility 
using  a 15-lnch  square  slotted-wall  test  section.  Tests  were  run  using  a 
2.5-lnch  and  a 5.0-lnch  chord,  6 percent  thick  biconvex  airfoil  at  Mach 
number  0.91  and  0.95  at  0,  +2°,  and  +4°  angle  of  attack.  Pressures  were 
measured  by  a movable  probe  2 inches  from  the  top  wall  (measurements  were 
then  extrapolated  to  the  wall  itself) . Flow  angularity  was  measured  to 
within  +0.03  deg.  After  calculating  the  external  flow  field,  the  slats 
were  "contoured"  (using  strips  of  tape)  until  interference-free  conditions 
were  achieved. 

Two  concurrent  efforts  in  the  research  and  development  of  the  intelligent 
wall  are  taking  place  in  Europe,  one  at  St.  Cyr,  France,  and  the  other  at 
Southampton,  England.  J.  C.  Vayssaire  and  others  (Ref.  2.183)  report 
using  the  0.85  metre  sqaure  test  section  Sigma-4  transonic  wind  tunnel  in 
an  intelligent  wall  scheme.  Excellent  results  were  achieved  using  a 
variable  permeability  wall  with  movable  plates  in  the  plenum  chamber  and 
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Fig.  2.24  Example  of  Wall  Control  Effects  on  the  Drag 
Coefficient,  C^  (Ref.  2.163) 


Fig*  2.25  Example  of  Wall  Control  Effects  on  the  Pitching  Moment 

Coefficient,  Cjj^  (Ref.  2.163) 
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setting  them  for  calculated  permabllities.  Drag  coefficient  data  obtained 
with  this  scheme  agree  very  well  with  corrected  data  obtained  from  tests 
with  closed  walls.  All  data  acquisition  and  plotting  of  the  test  results 
Is  done  in  real  time  with  an  on-line  computer. 

M.  Judd  and  others  (Ref.  2.80)  report  that  experiments  are  currently 
being  carried  out  In  their  6-  by  12-lnch  subsonic  tunnel  using  the 
Intelligent  wall  scheme.  The  tunnel  is  equipped  with  a series  of  screw 
Jacks  (15  on  the  top  wall  and  15  on  the  bottom  wall)  which  adjust  the 
geometry  of  the  test  section  to  match  with  the  test  section  to  match 
with  the  streamlines  of  the  calculated  external  flow  field.  Two-dimensional 
tests  have  produced  excellent  results  by  matching  the  stream-lined  tunnel 
data  with  the  calculated  exterior  flow  field  as  well  as  with  the  conventional 
wall  tunnel  corrected  data.  Additional  work  is  being  done  in  feasibility 
studies  for  automating  the  mechanical  adjustments  (screw  jacks)  on  the 
wall.  This  procedure  would,  in  effect,  close  the  loop  between  the  wind 
tunnel  and  the  computer,  and  according  to  the  Judd  report,  this  would 
allow  "(1)  massive  reduction  in  wall  setting  time,  leading  to  more 
efficient  use  of  wind  tunnel  run  time,  (2)  more  systematic  operation  from 
run  to  run,  and  (3)  a basic  procedure  more  readily  adapted  to  three- 
dimensional  testing." 

In  the  various  experiments,  both  numerical  and  physical,  the  intelligent 
wall  concepts  appears  to  have  been  conclusively  proven  for  the  two- 
dimensional  case.  It  now  seems  that  proof  for  the  three-dimensional  case 
is  close  at  hand.  Computational  techniques  that  deal  with  highly  super- 
critical conditions  are  in  the  development  stage;  however,  mechanical 
and  side  wall  treatment  of  the  test  section  continue  to  be  addressable 
problems.  It  is  evidently  clear  that  the  intelligent  wall  concept  has 
great  potential  for  improving  wind  tunnel  testing;  when  in  closed-loop 
form  (see  Fig.  2.26)  it  will  greatly  assist  in  the  development  cycle  of 
air  vehicle  design  and  testing." 

A review  of  the  literature  reveals  that  the  R & D efforts  for  the 
intelligent  wall  are  not  receiving  the  proper  stimulus  or  support.  The 
question  can  be  asked:  why  ^ that  the  tntettcgent  wciCZ  concept,  which 
hoA  Ahown  phamUte  ihjom  the  veay  beginning,  hoA  not  /cecelved  the  aqaIoua 
attention  and  Aiippofit  that  the  ventlZated  watt  tunnet  concept  received 
twenty- ^Ive  yeau  ago? 
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Fig.  2.26 


(Ref.  2.107) 
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An  organizational  2.{iiort  nzdcU  to  be.  made.,  perhaps  in  the  ^oAm  oi 
a "^oHmal  group"  [similar  to  the  AGARV  FV  Panel  rnrhing  group  am  Vetign 
o{i  Transonic  Working  Sections)  which  can  coordinate  between  the  funding 
agencie.s  and  the  investigators. 

FacJJLitA.es  (i.e.,  pilot  tunnels]  must  be  dedicated  to  R S V o£  the 
inteZligent  wall  concept.  Experimentalists  using  these  pilot  tunnels 
should  communicate  and  cooperate  with  those  at  other  facilities,  and 
with  those  investigators  capable  of  effecting  the  numerical  solutions  for 
the  far  field.  The  variety  of  experimental  efforts  now  under  way  (see 
Table  2.8]  provides  an  excellent  opportunity  to  evaluate  the  variety  of 
possible  combinations  of  walls  and  plenum  chambers  and  for  comparing 
results  in  simulation  accuracy.  Current  estimates  show  that  the  intelligent 
wall  production  wind  tunnel  will  be  feasible  within  the  next  ten  years. 

The  use  of  a relatively  large  computer  is  a vital  necessity  but  is 
withiM  the  state  of  the  art  in  computers. 

Research  should  continue  on  "partially  adaptive  wall"  schemes  ukere 
the  walls  provide  some  adjustment  but  the  measurements  are  corrected  for 
the  remaining  interference.  This  approach  may  be  more  economical,  time 
wise  and  costwise,  and  it  offers  promise  of  large,  although  only  partial, 
simulation  improvement. 

Another  effort  that  could  prove  useful  at  this  stage  of  the  R B V 
would  be  for  the  coordinating  group  to  make  a sensibility  analysis  that 
would  indicate:  { 1 ) the  means  by  which  the  measurements  of  the  flow 
variables  near  the  wall  should  be  made,  and  the  density  and  accuracy 
required;  (2)  the  number  of  numerical  mesh  points  required  to  calculate 
the  far  field  with  sufficient  accuracy;  (3)  the  computational  times  needed 
for  the  calculation  of  the  far  field  and  the  subsequent  iterations;  {4] 
the  mechanical  adjustments  in  the  wall  boundaries  (given  limitations  on 
possible  adjustments]  that  can  best  accomplish  the  required  changes;  and 
finally,  (5)  the  amount  of  improvement  in  flow  quality,  or  reduction  of 
wall  interference,  which  can  be  gained  by  using  various  wall  schemes  (i.  e. , 
variable  porosity  andfor  plenum  pressure,  streamline  of  walls,  etc.] 
in  an  intelligent  wall  wind  tunnel. 
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2.7.3  Test  Planning  Optimization 

An  area  where  the  future  integrated  use  of  computers  and  wind  tunnels 
can  have  great  impact  on  the  overall  efficiency  of  wind  tunnel  testing 
is  test  planning  optimization.  Progress  is  already  being  made  in  this 
direction,  and  a healthy  trend  is  developing,  especially  in  those 
facilities  with  a moderate  degree  of  automation. 

With  online  computer  capability,  even  within  an  open-loop  mode,  it 
is  possible  to  make  online  decisions  regarding  the  supervision  and/or  the 
modification  of  testing  procedures  and  objectives.  For  example,  online 
computers  aid  in  anticipating  the  steps  in  the  testing  procedure  in  order 
to  avoid  errors  which  might  lead  to  excessive  wind  tunnel  operating  time. 
Some  facilities  are  now  using  interactive  graphics  in  both  open-  and  closed- 
loop  form  for  test  planning.  Interactive  graphics  will  play  a major  role 
in  test  planning  optimization  in  the  future.  By  using  a graphics  display, 
data  can  be  plotted  and  compared  to  math  models.  Instantaneously  allowing 
selection  of  critical  design  data.  This  information  can  then  become 
peimianent  baseline  data  for  future  reference. 

In  this  respect,  G.  M.  Bowes  (Ref.  2.30)  comments  that  "the  computer 
is  very  helpful  in  comparing  design,  analyzing  missions,  and  providing 
comparative  performance  data  which  suggest  optimum  trends."  J.  R.  Hagerman 
(Ref.  2.69)  stresses  the  need  for  obtaining  only  the  needed  data  using 
the  computer  to  "go"  from  one  needed  condition  to  another  in  an  optimized 
fashion.  For  the  wind  tunnel  testing  of  cruise  missiles  or  military 
transports,  this  would  mean  obtaining  primarily  cruise  condition  data. 

The  math  models  of  the  future  will  be  much  more  complex  than  those 
currently  available  (see  Section  2.4.4).  They  will  be  closer  to  a complete 
approximation  of  the  Navler-Stokes  equations  than  present  design  techniques 
and  as  a result  will  require  considerably  larger  and  faster  computers  to 
complete  solutions  in  a reasonable  length  of  time  (say  10  minutes) . If 
wind  tunnel  results  are  to  be  compared  with  the  computations  in  anything 
approaching  real  time,  then  such  a computer  must  be  available  at  the 
tunnel  location.  This  is  a necessary  requirement  if  the  tunnel  is  going 
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to  be  reserved  only  for  the  examination  of  problem  areas  (l.e.,  alas  which 
are  at  variance  with  the  math  model  results). 

Several  methods  of  test  planning  optimization  have  already  been  mentioned 
in  the  section  on  model  controls  (l.e.,  the  vehicle  trim  system  and  the 
attitude  positioning  system  (AMAPS)).  Some  others  are  under  development, 
such  as  the  Constant  Parameter  System  and  the  Self-Optimizing  Wing. 

Figure  2.27  illustrates  how  test  planning  has  been  optimized  by  using 
automatic  trim  of  the  model  and  the  test  time  thereby  reduced  from  4.33 
hours  to  1.05  hours. 

Figure  2.28  illustrates  how  constant-parameter  testing  can  be  helpful 
in  test  planning  optimization.  By  maintaining  a constant  lift  coefficient 
and  varying  the  Mach  number,  one  can  assess  the  drag  coefficient  and  the 
angle  of  attack  in  order  to  best  verify  the  performance  of  the  air  vehicle. 

Constant-parameter  testing  allows  the  model  to  be  tested  in  a more 
efficient  manner  by  providing  fewer  but  more  critical  test  points  in 
less  time  compared  to  the  conventional  matrix  method.  It  is  expected 
that  automatic  control  over  Mach  number  will  be  available  in  tunnel  4T  at 
AEDC  at  the  end  of  this  year,  and  this  will  bring  constant-parameter  testing 
closer  to  production  use. 

Figure  2.29  illustrates  the  self-optimizing  flexible  technology  wing, 
or  soft-wing  vehicle  as  currently  under  development  at  AEDC;  a two- 
dimensional  model  of  the  soft  v;lng  is  also  being  tested  at  General  Dynamics. 
This  technique  of  model  control  will  provide  a host  of  improvements  in 
aerodynamic  design.  It  will  assure  a major  advance  in  the  optimization  of 
air  vehicle  design  and  parametric  testing.  Both  of  these  testing  techniques 
show  a very  promising  trend  in  computer  and  wind  tunnel  integration. 

An  example  of  the  use  of  computers  for  test  planning  at  the  research 
level  is  given  in  the  report  by  El-Ramly  and  Ralnblrd  of  Carleton  University 
in  Ontario  Canada  (Ref.  2.48).  This  report  comments  on  an  investigation 
of  the  flow  behind  wings  using  a computer-controlled  system  in  their  20- 
by  30-inch  low-speed  tunnel.  This  test  allowed  the  investigators  to  make 
online  plotting  and  data  reduction  which  made  "detailed  and  accurate  flow 
surveys  behind  a swept  wing  at  several  angles  of  attack  and  downstream 
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(Ref.  2.129) 


Fig.  2.29  Computer-Controlled  Self-Optimizing  Flexible  Wing 
Technology  Wing  (Ref.  2.129) 
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stations  feasible."  Online  mechanical  plotting  of  circulation  distribution, 
total  pressure  loss,  streamwlse  vortlclty  contours,  and  velocity  vectors 
In  the  crossflow  plane  la  possible  with  this  closed-loop  technique.  A 
simplified  form  of  the  flow  chart/program  used  by  the  Investigators  Is 
shown  In  Fig.  2.30. 

As  the  requirements  on  both  the  accuracy  of  the  wind  tunnel  measure- 
ments and  the  accuracy  of  the  simulation  become  more  severe,  test  planning 
optimization  becomes  a real  necessity.  Future  Integrated  use  of  computers 
and  wind  tunnels  will  have  a significant  Impact  on  aerodynamic  design 
approaches,  as  shown  In  Fig.  2.31.  hlim&/tLcuit  optlmLzod  d2^-ign6  MLtt  be. 
veAlile.d  In  the.  tunnel..  ThU  mil  i^e.e,  the.  tunnel  to  e.xamine.  cAlticjol 
ouiexu  Mklah  wWL  not  be.  computable.  In  the.  neon.  {^utuAe,.  TkU  combination 
0^  nume/ucal  computation , veAl^lcd  by  e.xpeAlmcnt,  plui>  cAltlcal  tunnel 
tejit6  mil  lead  to  a much  moae  eUlcleyit  and  ImpAoved  design  pAocels. 

The  iutuAe  design  process  will  be  mofie  the  fiesult  oi  analysis  than 
emplnlclsm. 

TutuAe  Integrated  use  o^  computers  and  wind  tunnels  appears  to  be 
promising.  Design  by  analysis  will  become  more  commonplace  as  tunnels 
continue  to  Improve  with  automation 

A state- o{,- the- art  computer  will  be  needed  at  the  tunnel  testing 
site,  to  be  used  {,or  math  model  verification  during  tunnel  tests.  The 
computer  must  be  dedicated  to  this  process  during  testing. 

2.7.4  Code  Validation 

According  to  Marvin  (Ref.  2.109),  "development  of  computational  codes 
for  viscous  flows  Is  outpacing  the  ability  to  appropriately  model  the 
turbulence."  If  Indeed  this  Is  the  situation,  then  there  will  be  a 
substantial  amount  of  code  validation  work  In  the  future  after  an  adequate 
turbulence  model  Is  developed.  Although  the  main  purpose  for  the  high 
quality  research  tunnels  described  In  Section  2.6.3  Is  to  discover  new 
facts,  these  tunnels  should  also  be  used  for  verification  of  the  various 
new  codes  as  they  become  available.  The  construction  of  a computational 
code  essentially  consists  of  the  assembly  of  Information  bits  that,  when 
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put  together  in  a composite,  will  describe  a particular  flow  configuration. 

The  construction  of  a particular  code  should  be  completed  before  the 
verification  procedure  is  attempted  in  a research  tunnel.  It  would  be 
desirable  for  the  research  tunnel  to  be  interfaced  with  a computer, 
with  the  code  stored  for  recall  on  an  online  basis,  so  that  the  actual 
tunnel  boundary  conditions  could  be  used  as  computational  boundary  conditions. 
Regions  of  agreement  and  disagreement  could  then  be  defined  quickly  and 
accurately. 

The.  veAllTjc-otion  ph.oae.duAe.  &houZd  AeJ>uLt  dn  a aomputcutionat  code. 

[fihLah  can  be  uAad  cu>  an  "o^^-tha-6he£^"  dXejm  tactk  MelZ-da^yined  boundoAleA 
oi  apptlaation. 

Codes  for  design  of  particular  aircraft  configurations  are  essentially 
a composite  of  codes  describing  more  fundamental  shapes.  These  design 
codes  are  extremely  useful  to  the  aircraft  builders  (Ref.  2.42)  even 
thought,  to  keep  the  design  code  to  a manageable  size,  certain  flow  details 
must  be  left  out.  Even  so,  these  design  codes  must  be  validated  too. 

However,  because  of  model  size  and  complexity,  instrumentation  needs,  and 
mission  role,  the  validations  will  quite  likely  have  to  be  conducted  in 
production  wind  tunnels.  Here  the  interfacing  of  tunnel  and  computer 
is  extremely  important,  even  more  so  than  for  the  research  tunnels, 
because  of  the  high  cost  of  operation  and  scheduling  problems.  The 
validation  test  of  a design  code  in  a production  wind  tunnel  should  have 
on-site  and  online  access  to  a large  capacity,  high-speed  computer.  The 
code  to  be  verified  should  be  stored  in  the  computer  and  should  be  able 
to  use  the  actual  tunnel  boundary  conditions  as  determined  by  online 
measurements.  As  the  flow  configuration  and  boundary  conditions  are 
changed,  online  decisions  can  be  made  regarding  the  validity  of  the  design 
code  in  question. 

[iJZth  a aompud:eA-d.nte.gAatzd  lOdnd  tunnel. , both  the.  oaLidatton  and 
appZtaatton  o{^  a aompatattonat  coda  wtlt  AeAuZt  tn  a Aaduation  tn  the. 
numbeA  ol  tunneZ  anthteA,  a de.cA.exua  tn  Ae.qutAe.d  Aun  tana,  and  a ^agnt^tcant 
ao6t  4>avtng6, 
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Fig.  2.30 


Simplified  Flowchart/Program  used  in  a Computer 
Controlled  Measurement  (Ref.  2.48) 
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DESIGN  PARAMETER  A 


AERODYNAMIC  DESIGN  APPROACHES 


CONVENTIONAL  ADVANCED 


DESIGN  PARAMETER  B DESIGN  PARAMETER  B 


Fig.  2.31  Impact  of  Computer  and  Wind  Tunnel  Integration  on  the 
Aerodynamic  Design  Approaches  (Ref.  2.213) 
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3.0  COMPUTATIONAL  FLUID  DYNAMICS 

3.1  Introduction 

3.1.1  Historical  Perspective  of  Computational  Fluid  Dynamics 

Computational  fluid  dynamics  may  be  considered  to  have  begun  in  1910 
when  Richardson  solved  the  discretized  form  of  the  Laplace  equation;  in 
the  following  years  many  efficient  methods  for  solving  Laplace-Poisson 
type  equations  were  developed.  However,  difficult  problems  were  encountered 
in  the  early  attempts  (in  the  late  1920 's)  to  solve  systems  of  Poisson 
equations,  and  it  appears  that  further  work  on  this  problem  was  not 
attempted  until  the  1940's.  Also,  in  1928,  Courant,  Friedrich,  and  Lewy 
published  their  treatment  of  the  discretized  wave  equation;  in  this  paper 
they  developed  the  important  notion  of  the  "zone  of  dependence"  and  stated 
the  "CFL"  convergence  criterion.  However,  it  was  not  until  many  years 
later  that  the  relevance  of  their  work  to  computations  in  fluid  dynamics 
was  recognized. 

During  the  late  1940 's  the  electronic  computer  was  developed.  Von 
Neumann  used  this  machine  in  the  study  of  the  weather  and  other  fluid  flow 
problems  and,  subsequently,  developed  a small  perturbation  stability 
criterion  and  the  artificial  viscosity  method.  With  the  insights  gained 
from  these  early  calculations  von  Neumann  recognized  the  need  for  a 
deeper  understanding  of  the  behavior  of  discretized  approximations,  and 
he  encouraged  work  in  this  area.  By  the  inld-1950's  much  had  been  learned; 
this  analysis  work  culminated  in  the  proof  of  the  Lax  Equivalence  Theorem 
for  well-posed  linear  systems  of  partial  differential  equations. 

Fluid  mechanics  problems  are  nonlinear;  such  problems  must  be  reduced 
to  well-posed  linear  formulations  before  computation  can  be  attempted  with 
confidence.  In  the  late  1950 's  and  early  1960 's,  "matched  asymptotic  expansions" 
were  the  favored  applied  analysis  tools  in  the  United  States;  computational 
solutions  were  considered  less  "elegant."  The  Eighth  AIAA  Sciences  meeting 
in  early  1970  signaled  a turn  of  events,  however.  It  was  demonstrated  that, 
with  proper  cautions  and  careful  executions,  reliable  solutions  of  even 
the  Navier-Stokes  equations  could  be  obtained.  The  NASA- Ames  Laboratory 
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organized  a sizable  computational  fluid  dynamics  group  and,  with  access 
to  state-of-the-art  computing  facilities,  began  large-scale  efforts  In 
conducting  computational  experiments.  With  the  continuing  development  of 
larger  and  faster  computers,  the  current  enthusiasm  for  computational 
fluid  dynamics  is  certain  to  reveal  further  potential  capabilities. 

3.1.2  Overview  of  Current  and  Future  Trends 

It  is  usually  difficult  to  perform  a sophisticated  analysis  of  any 
real-world  problem,  even  if  there  is  no  demand  for  full  rigor  in  the 
treatment  given  the  problem.  Thus,  heuristic  methods  are  often  tolerated 
and  analytic  tools  are  frequently  applied  to  situations  in  which  their 
applicability  may  be  uncertain.  In  fact,  engineers  can  proudly  point 
to 'instances  in  which  they  developed  importalnt  new  methods  through  an 
intuitive  "feel"  for  a problem  long  before  mathematicians  supplied  a 
rigorous  foundation  for  their  analysis.  It  is  important,  however,  that 
the  users  of  approximate  or  empirical  tools  in  science  remain  conscious 
of  the  somewhat  uncertain  nature  of  these  tools  and  interpret  all  results 
obtained  in  this  light. 

Computational  fluid  dynamics  represents  a powerful  new  engineering 
tool;  like  all  other  tools,  it  has  its  capabilities  and  its  limitations. 
Computational  methods  have  been  extensively  used  in  the  determination  of 
potential  flow  fields,  heat  transfer  and  friction  in  boundary- layer  analysis, 
and,  where  appropriate,  in  displacement  corrections.  Loads  predictions 
have  been  greatly  facilitated,  and  dynamic  structural  analysis  has  been 
made  possible  by  the  speed  of  computational  methods  and  their  capability 
for  coping  with  relatively  complicated  geometries.  Experienced  design 
engineers  have  incorporated  computational  methods  into  the  process  of 
designing,  testing,  producing,  and  retesting  flight  vehicles  to  great 
advantage  while  avoiding  pitfalls.  The  various  crucial  inputs  to 
potential  flow  calculations  (such  as  points  of  transition,  separation 
and  shock  wave  generation,  and  interaction)  have  necessarily  been  supplied 
by  the  design  team  members;  therefore,  the  experience  of  the  design 
engineers  with  previously  designed  systems  and  analysis  of  any  available 
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wind  tunnel  data  is  of  utmost  importance.  Continued  progress  in  compu- 
tational fluid  dynamics  methods  and  the  fundamental  understanding  of  them 
and  the  availability  of  larger  and  faster  computers  should  permit  the 
designers  to  treat  more  realistic  three-dimensional  geometries  and  various 
interaction  phenomena  which  remain  as  important  problem  areas.  The 
detailed  resolution  of  turbulent  phenomena  will  defy  any  solution  in  the 
foreseeable  future;  thus  the  development  of  turbulence  models  sufficiently 
accurate  for  design  purposes  remains  as  another  crucial  pacing  item. 

The  future  of  computational  fluid  dymamlcs  is  bright;  it  is  time 
that  more  serious  consideration  was  given  to  the  general  application  of 
the  computational  method  to  practical  design  problems.  With  sound 
precautionary  measures  in  the  formulation  of  the  problem  and  a posteriori 
study  of  the  results,  reliable  answers  can  be  obtained  for  many  significant 
problems;  if  these  computed  results  are  combined  with  wind  tunnel  testing 
and  past  experience,  the  uncertainties  which  designers  now  face  can  be 
reduced. 


112 


3.2  CURRENT  STATUS  OF  COMPUTATIONAL  TECHNIQUES 
3.2.1  Mathematical  Analysis 

The  scientific  approach  taken  toward  the  numerical  solution  of  a 
given  problem  of  computational  fluid  dynamics  is  very  dependent  upon  the 
mathematical  character  of  that  problem.  In  particular,  the  category 
(elliptic,  parabolic,  hyperbolic,  or  mixed)  of  a partial  differential 
equation  system  is  of  primary  concern  in  formulating  difference  equations, 
selecting  mesh  sizes,  etc.  There  follows  a brief  summary  of  the  current 
status  of  computational  success  with  the  various  problem  types. 

Elliptic  There  is  a large  body  of  well-established  literature  for 
elliptic  partial  differential  equations,  and  although  the  existence  of 
some  very  difficult  problems  of  this  type  is  well  known  (e.g.,  the 
Cauchy  problem  for  Laplace's  equation  is  ill  posed),  the  general  situation 
with  regard  to  the  status  as  it  relates  to  the  problems  of  fluid  dynamics 
is  that  the  elliptic  problems  can  usually  be  successfully  handled  in  a 
rather  routine  manner  with  a variety  of  computational  methods  (Ref.  3.127), 
even  when  there  are  variable  coefficients  or  some  small  nonlinearities 
present;  both  finite-difference  and  finite-element  methods  have  proven 
to  be  effective.  For  large  elliptic  problems,  iterative  methods  such  as 
the  Gauss-Seidel,  alternating-direction  implicit,  successive  over-relaxation, 
line,  or  block  algorithm  have  all  been  used  effectively  to  take  advantage 
of  the  special  structure  of  the  systems  of  linear  equations  which  arises 
in  the  numerical  solution  of  these  problems. 

Parabolic  Although  the  diffusion  problems  in  two  dimensions  which 
most  commonly  arise  in  boundary-layer  or  heat-transfer  investigations 
require  somewhat  more  careful  consideration  than  elliptic  problems  for 
their  computational  solution,  the  same  general  statements  may  be  made 
for  them  (so  long  as  the  diffusivity  is  constant) . The  possible  anomalies 
occurring  in  the  direct  solution  of  difference  equations  for  the  diffusion 
equation,  for  example,  are  well  understood,  and  implicit  methods  such  as 
the  Crank-Nicholson  scheme  allow  larger  time  steps  than  would  be  permitted 
by  the  convergence  criteria  for  the  explicit  methods  (Ref.  3.127). 


113 


Parabolic  problems  exhibit  very  desirable  behavior  with  regard  to  the 
propagation  of  "disturbances"  In  the  data  (the  same  is  true  for  the 
previously  mentioned  elliptic  problems) ; the  influence  of  discontinuities 
in  the  initial  data  of  a parabolic  problem  is  damped  out  with  Increasing 
time  (Ref.  3.254). 

Hyperbolic  For  simple  wave  equations  the  knowledge  of  the  character- 
istic directions  and  the  domain  of  dependence  which  were  pioneered  in  the 
work  of  Courant,  Friedrich,  and  Lewy  in  1928  (Ref.  3.60)  permits  reliable 
solutions  to  be  obtained  by  either  the  method  of  characteristics  or  by 
appropriate  difference  formulations  of  the  problem  (Ref.  3.223);  the 
method  of  characteristics  has  been  found  to  be  the  most  accurate  method 
for  solving  shock-free  hyperbolic  problems  and  serves  as  the  standard  of 
comparison  for  all  other  methods . The  far  more  complicated  nonlinear 
wave  equation  can  be  handled  confidently  if  it  is  known  that  the  solution 
remains  smooth  (Ref.  3.263).  On  the  other  hand,  when  a known  one-dimensional 
shock  wave  propagates  into  a uniform  fluid,  the  shock-fitting  procedures 
which  utilize  the  Rankine-Hugonolt  conditions  have  proved  effective 
(Ref.  3.223),  Alternately,  the  quadratic  "artificial  viscosity"  terms 
invented  by  von  Neumann  and  Rlchtmyer,  (Ref,  3.288),  make  it  possible  to 
approximate  with  good  accuracy  the  shock  wave  speed  and  the  magnitudes  of 
the  increments  in  pressure,  density,  etc.,  across  the  shock  wave  without 
involving  the  complication  of  the  "internal  boundary  conditions"  given  by 
the  Rankine-Hugonoit  equations.  Furthermore,  this  artificial  viscosity 
method  extends  more  easily  to  multidlmensionals . The  Lax-Wendroff  method 
of  dealing  with  shocked  flows  (Ref.  3.166)  also  gives  good  results  in 
predicting  a shock’s  propagation  into  a one-dimensional  flow  field  without 
any  necessity  for  shock  matching. 

The  developments  since  1970  with  regard  to  the  mathematical  analysis 
of  the  problems  of  computational  aerodynamics  are  encouraging,  not  so 
much  with  respect  to  specific  accomplishments  as  with  regard  to  the  fact 
that  a significant  increase  in  the  amount  of  interest  in  these  matters 
has  become  evident  (especially  in  the  last  few  years).  A number  of 
mathematicians  have  attempted  to  address  the  enormously  difficult  problems 
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associated  with  the  existence,  uniqueness,  and  degree  of  smoothness  of 
solutions  of  the  various  boundary  value  and  Initial  boundary  value 
problems  of  aerodynamics  as  well  as  the  criteria  for  convergence,  rate 
of  convergence,  stability,  and  accuracy  of  specific  computational  methods. 

It  must  be  admitted  that  the  number  of  practical  results  directly  applicable 
to  these  questions  has  remained  small,  but  this  is  not  surprising,  if 
one  takes  into  account  the  difficulty  of  the  basic  problems  being  considered. 
Furthermore,  some  detailed  studies  of  "model"  equations  (such  as  the 
Burgers’  equation)  which  include  all  the  essential  aspects  of  the  actual 
problem  of  interest  have  been  conducted,  and  there  seems  to  be  hope  that 
some  practical  guidelines  may  be  gleaned  from  such  investigations  (Refs. 

3.42  and  3.239).  Study  "mod&l"  ^qacutiom  may  b&  a i/LiUt{,uZ  appAoaak 
to  a bottoA  und&utancUng  th&  niuneAtcaC  dotation  itutd  dyyuxmtcA 
paoblojrU),  and  lunthoA,  iaak  ^UdOA-ah  should  bd  dncouAaged. 

On  the  other  hand,  the  approach  taken  with  regard  to  the  study  of 
the  relevant  boundary  value  and  initial  boundary  value  problems , per  se , 
seems  to  have  been  concentrated  mostly  on  "Indirect"  investigations; 
"solutions"  in  the  sense  of  distributions,  Rayleigh-Ritz  principle,  etc. 
seem  to  have  received  more  attention  than  solutions  obtained  by  "direct" 
discretization  of  the  differential  equations,  (see,  for  example.  Refs. 

3.185,  3.249,  and  3.250).  The  finite-element  method  (Ref.  3.264)  (a  : 
Galerkin  procedure  which  was  extensively  developed  by  the  structural 
engineers  and,  later,  given  a rigorous  foundation  by  mathematicians)  has 
begun  to  appear  often  in  papers  (for  example.  Refs.  3.5,  3.82,  3.83,  3.138, 
and  3.163)  posing  the  analysis  of  discrete  approximations  to  solutions  of 
partial  differential  equation  systems,  a somewhat  curious  development 
since  it  is  known  that  finite-element  and  finite-difference  methods  are, 
in  some  sense,  equivalent  approaches . Both  typst  0^  tn^oAJvatlon,  detatte.d 
analyst!)  o^  model,  equations  and  £ess  speci^tc  analysts  o^  "iveak"  solutions 
0^  the  boundary  value  problems,  pea  se,  eontitbute  stgnt^tcantly  to  the 
undeastandlng  o^  numeAtaal  iluid  dynamics  pAoblems,  and  tt  ts  Aecommended 
that  both  types  o^  mak  be  encouAaged. 
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The  question  of  the  comparative  efficiency  of  the  various  specific 
numerical  procedures  applicable  in  attacking  a given  problem  has  begun 
to  receive  some  attention  (see  Refs.  3.151  and  3.156  and  related  literature). 
In  light  of  the  present  premium  on  computer  speed  and  storage  when  solving 
problems  of  computational  fluid  dynamics,  it  is  important  that  the 
comparative  efficiency  of  methods  for  various  problem  types  be  determined 
in  as  relevant  a fashion  as  possible  and  that  the  overall  efficiency  of 
the  various  methods  be  enhanced  as  much  as  possible.  CombZyiQ.d 
aomputatiomZ  and  anaZytiaaZ  ^tudleA  wtc££  be.  mzde.d  to  ph.ovtde.  the.  cjUtZcaZ 
tn{>tght6  tn  tke^e.  matteJU  ol  aJLgohAjtkn  z^^t<u.znc.y,  and  tt  ti,  M.e.c.ome.ndejd 
that  6uah  mh.k  be.  mppoHte.d. 

3.2.2  Invlscld  Flows 

The  computation  of  steady,  two-dimensional  flows  is  now  seemingly 
routine,  and  the  number  of  techniques  available  for  this  purpose  have 
continually  increased  (Ref.  3.271).  Of  particular  interest  is  the  ability 
to  compute  the  inviscid  flow  over  arbitrary  airfoil  sections  (e.g.,  as 
described  in  Refs.  3.8  and  3.34);  even  multiple-element  airfoils  and 
cascades  do  not  present  great  difficulty  (Ref.  3.94).  The  real  power  of 
computational  fluid  dynamics  is  demonstrated  by  the  Inverse,  or  design 
methods,  which  optimize  the  airfoil  geometry  to  yield  a desired  performance 
level  (Ref.  3.35).  The  computation  of  transonic  two-dimensional  flows 
cannot  be  accomplished  with  the  accuracy  attributed  to  the  linear  subsonic 
or  supersonic  solutions,  but  usable  results  are  being  obtained.  Compu- 
tational fluid  mechanics  is  playing  a central  role  in  the  development  of 
new  supercritical  wing  sections.  Rough  predictions  of  shock  pressure  rise 
and  shock  position  are  now  possible,  but  designers  want  a much  higher 
precision,  sufficient,  for  example,  to  detect  changes  of  a few  percent  in 
drag  or  lift. 

Extensions  of  these  computational  techniques  to  three-dimensional 
flows  have  demonstrated  significant  advances.  The  most  advanced  and  most 
implemented  methods  for  subsonic  potential  flows  are  the  so-called  panel 
methods  (Ref.  3.114)  but  other  techniques  offer  promise  for  special 
design  or  analysis  problems.  Particularly  noteworthy  are  the  newly-developed 
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higher-order  surface  panel  methods  (Ref.  3.79).  These  methods  are 
capable  of  calculating  subsonic  potential  flow  about  an  arbitrary 
configuration  in  a highly  accurate,  stable  and  reliable  manner. 

For  transonic  three-dimensional  flows  the  fundamental  steps  from 
the  simple  yawed  wing  (Ref.  3.137)  to  a swept  wing  and  wing-body 
combination  have  been  reasonably  well  mastered  (Refs.  3.4  and  3.210),  and 
work  is  proceeding  on  the  extensions  required  for  the  more  realistic 
configurations.  Some  basic  problems  remain  to  be  solved,  particularly 
in  the  realms  of  application  of  boundary  conditions  with  involved  three- 
dimensional  geometries  and  resolution  of  complex  Interior  shocks,  but 
progress  in  these  areas  is  promising.  Far-field  boundary  conditions  in 
three  dimensions  are  not  easily  applied,  but  advances  in  analytic  modeling 
(Ref.  3.284)  and  in  iterative  techniques  between  interior  and  exterior 
flow  regions  (Ref.  3.73)  seem  to  perform  satisfactorily. 

Techniques  for  the  computation  of  three-dimensional  supersonic  flows 
yield  impressive  results.  The  numerous  solutions  for  the  shuttle-orblter 
flow  field,  including  finite-rate  chemistry  effects,  are  examples  of 
capabilities  of  computational  methods  which  surpass  the  ground  test  simulation 
capability  (Ref.  3.182).  For  smooth  flows  or  flows  with  isolated  shocks, 
the  method  of  characteristics  is  still  the  most  accurate,  but  the  more 
recent  shock-capturing  techniques  can  be  used  for  far  more  complicated 
flows.  Shock  fitting  or  patching  methods  offer  promise  for  improving 
the  accuracy  of  these  computations.  In  practice,  no  one  method  is 
utilized  to  solve  a given  flow  field.  For  example,  one  may  use  a time- 
dependent,  blunt-body  solution  to  provide  starting  data  for  a method-of- 
characterlstlcs  region  followed  by  a downstream  finite-difference  marching 
technique  (Ref.  3.183).  Procedures  which  do  not  use  a combination  of 
techniques  for  the  solution  of  fluid  dynamics  problems  are  rare  (Ref.  3.1). 

The  computation  of  unsteady  flows  has  also  recently  evidenced  rapid 
advancement.  According  to  McCroskey  (Ref.  3.188),  numerical  analyses  have 
generally  outpaced  detailed  experiments  in  problems  that  are  generally 
Invlscid,  whether  in  the  regime  of  flutter  and  unsteady  airloads  predic- 
tions, or  in  transonic  aerodynamics. 
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3.2.3  Boundary-Layer- Type  Flows 

Prandtl’s  boundary- layer  concept  continues  to  be  a useful  approximation 
and  permits  extension  of  the  inviscid  approach  to  more  realistically 
model  the  real  flow  solution.  Solution  techniques  for  two-and  quasi- 
three-dimensional  flow  problems  are  well  developed  (Ref.  3.38). 

Inclusion  of  specific  turbulence  models  allow  the  use  of  these  techniques 
at  high  Reynolds  numbers  to  obtain  results  of  usable  accuracy.  Iterative 
methods  that  couple  the  inviscid-viscous  boundary-layer  methods  are  capable 
of  treating  weak  interactions  and  have  been  incorporated  within  many 
design  procedures  (Refs.  3.129  and  3.202). 

Remarkable  progress  is  evident  in  the  computation  of  fully  three- 
dimensional  boundary  layers  (e.g..  Ref.  3.84).  However,  fundamental 
difficulties  occur  in  the  specification  of  transverse  boundary  conditions 
near  regions  where  the  boundary-layer  assimiptions  are  invalid. 

There  are  some  basic  problems  in  boundary-layer  theory  which  are  at 
an  unsatisfactory  stage  of  development.  These  include  prediction  of 
transition  and  separation.  There  are  transition  criteria  based  on 
stability  analyses  and  test  data,  but  these  criteria  have  had  only  mixed 
success.  No  satisfactory  analytical  methods  are  available  for  calculating 
separating  flows  or  for  prediction  of  separating  and  reattaching  flows. 
Em.pirical  separation  predictive  techniques  have  been  developed,  however, 
that  have  led  to  a better  design  methodology.  Improvements  in  aircraft 
performance  in  terms  of  lift-to-drag  ratio  and  maximum  lift  are  impressive 
(Refs.  3.162  and  3.190). 

3.2.4  Navier-Stokes  Flows 

Computation  of  flow  processes  with  strong  interaction  between  the 
nominally  inviscid  portion  and  the  viscous-domlnated  regions  require 
solution  of  the  Navier-Stokes  equations.  These  equations  are  nonlinear 
and  descriptive  of  large-gradient  flows.  The  major  computational  difficulty 
is  that  the  grid  or  mesh  refinement  necessary  to  resolve  the  flow  gradients 
is  dependent  on  Reynolds  number  in  such  a way  that  only  laminar  flows  can 
be  computed  with  any  semblance  of  accuracy.  Calculation  of  realistic 
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turbulent  flows  requires  ensemble  (time)  averaging  of  the  Navier-Stokes 
equations,  which  introduces  the  requirement  of  turbulence  modeling  (see 
Section  3.4.5).  In  spite  of  these  problems  and  the  limited  storage 
capacity  of  present  computers,  many  impressive  solutions  have  been 
obtained.  (See  Peyret  and  Vivand,  Ref.  3.216,  for  a recent  survey  of 
the  useful  techniques  and  a summary  of  solutions  obtained*) 

For  two-dimensional.  Incompressible  flow  the  Navier-Stokes  equations 
can  be  written  in  terms  of  stream  and  vortlclty  functions.  The  solution 
is  then  found  by  solving  the  vortlclty  and  stream  function  equations 
separately  and  iterating  between  them  until  convergence  is  obtained. 

Techniques  for  these  solutions  are  discussed  by  Roache  (Ref.  3.225), 
with  additional  later  methods  summarized  by  Lugt  (Ref.  3.176).  According 
to  Lomax  (Ref.  3.173),  the  numerical  calculation  of  unsteady,  laminar, 
incompressible  flows  with  separation  can  be  accomplished  with  accuracy 
equivalent  to  experiment.  However,  Lugt  (Ref.  3.176)  points  out  that 
the  solutions  are  restricted  to  moderate  Reynolds  number  for  two-dimensional 
flow  with  severe  restrictions  in  three  dimensions.  These  limitations 
are  attributable  to  the  necessity  of  maintaining  the  cell  Reynolds  number 
(AuAx/v)  on  the  order  of  two  for  reasonable  accuracy  (Ref.  3.45). 

There  are  fundamental  differences  between  compressible  and  incompressible 
flows : the  number  of  dependent  variables  and  equations  increases  for 
compressible  flows;  furthermore,  for  supersonic  flows  the  admissibility  of 
shock  waves  adds  complications.  An  appreciation  of  the  difficulty  of 
obtaining  numerical  solutions  for  the  compressible  Navier-Stokes  equations 
may  be  realized  by  the  fact  that  the  first  publication  on  the  subject 
evidently  did  not  appear  until  1965  (Ref.  3.24). 

The  development  and  use  of  advanced  computers  has  permitted  solutions 
of  aerodynamic  interest  for  such  laminar  conditions  as  blunt-body  flow, 
base  or  step  flows,  flow  in  the  neighborhood  of  a leading  edge  of  a flat 
plate,  expansion  or  compression  corner  flows,  shock  wave/boundary-layer 
Interaction,  and,  in  a few  cases,  complete  three-dimensional  flow  fields. 

Lack  of  spatial  resolution  (computer  storage)  and  occasional  improper 
formulation  limit  the  accuracy  of  these  solutions.  It  would  be  useful  if 
more  investigators  placed  absolute  error  bounds  on  their  solution. 
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with  the  Introduction  of  turbulence  modeling  and  uae  of  the  Reynolds- 
averaged  Navler-Stokes  equations,  nvunerical  calculation  of  more  realistic 
flows  is  possible.  For  example,  Shang  and  Hankey  (Ref.  3.247)  used 
MacCormack*s  algorithm  to  compute  turbulent  supersonic  flow  over  a compression 
corner  with  a relaxation  eddy  viscosity  turbulence  model.  Hung  and 
MacCormack  (Ref.  3.123)  have  extended  this  work  to  examine  the  applicability 
of  the  model  to  high  Mach  number  flows  with  heat  transfer.  Delwert 
(Ref.  3.70)  used  the  relaxation  model  to  compute  transonic  flow  over  a 
thick  airfoil  which  led  to  a most  outstanding  example  of  an  unsteady, 
turbulent,  strongly  interacting  flow  (Ref.  3.169)  wherein  an  oscillating 
shock/boundary- layer  separation  was  computed  which  compared  favorably 
with  experiment.  According  to  Peterson  of  NASA- Ames,  the  real  uniqueness 
of  this  comparison  is  that  the  computation  preceded  the  wind  tunnel 
experiments . 

Some  preliminary  work  is  evident  in  three-dimensional  flows  (see 
Refs.  3.229,  3.248,  and  3.287),  but  severe  limitations  in  computer  memory 
capacity  and  the  uncertainty  associated  with  turbulence  modeling  limit 
the  applicability  of  this  work.  Advanced  computer,  dinp^ovcd  olgo^iithM , 
and  betteA  tuAbulznt  modoJU  oah  all  neceAAOAy  btioKz.  thz  accuAatz  and 
ziilclznt  computation  o^  th/Lze-dlmzndlonal  tuAbulcnt  ^lom  can  become 
poMlble. 


120 


3.3  IMPACT  ON  DESIGN  AND  LOADS  PREDICTION 


Aerodynamic  problems  are  becoming  more  and  more  complex  as  demands 
for  aircraft  performance  and  efficiency  increase.  Therefore,  development 
of  accurate  computational  methods  that  can  be  utilized  by  the  aerodynamic 
engineer  to  produce  the  most  efficient  vehicle  is  very  important.  In  the 
last  few  years  many  such  methods  have  been  developed  for  designing  and 
analyzing  airfoils,  wings,  and  wing-body  combinations.  Better  understanding 
of  flow  physics  and  clever  use  of  large  computers  have  resulted  in  greater 
design  freedom  and  confidence  and  more  reliable  methods  of  prediction  of 
aerodynamic  loads.  The  impact  of  computational  methods  on  aerodynamic 
design  and  prediction  of  loads  is  discussed  below,  first  for  the  two- 
dimensional  case  and  then  for  the  three-dimensional  configurations.  This 
discussion  is  followed  by  an  assessment  of  the  difficulties  and  the 
limitations  of  the  computational  codes  that  are  presently  available. 

3.3.1  Design  and  Optimization  of  Airfoils 

There  are  two  types  of  numerical  processes  available  for  the  design 
and  analysis  of  airfoils.  In  one  technique,  called  the  direct  method, 
the  flow  about  a prescribed  airfoil  is  analyzed,  and  then,  based  upori  this 
result,  the  airfoil  shape  is  modified  in  an  attempt  to  satisfy  the  design 
conditions.  The  other  design  formulation  is  the  inverse  method,  in  which 
the  airfoil  surface  pressures  or  velocities  are  specified,  and  the  airfoil 
shape  is  subsequently  determined.  The  codes  associated  with  both  types 
of  methods  usually  have  an  analysis  phase  which  can  be  used  for  calculation 
of  loads  once  the  desired  shape  of  the  airfoil  has  been  obtained.  A 
well-designed  direct  flow-field  method  always  yields  a solution,  because 
for  every  geometry  there  is  a corresponding  pressure  distribution.  The 
inverse  problem,  on  the  other  hand,  exhibits  a certain  lack  of  uniqueness. 
Also,  an  arbitrarily  selected  pressure  distribution  may  give  rise  to 
physically  unrealistic  shapes,  or  shapes  that  are  not  acceptable  because 
of  structural  considerations . In  other  words , in  the  inverse  method  the 
designer  has  traded  off  the  direct  control  over  the  geometry  for  better 
control  over  the  aerodynamics. 
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The  direct  approach  requires  extensive  experience  on  the  part  of 
the  user,  since  he  must  prescribe  the  initial  geometry.  The  Inverse 
method,  on  the  other  hand,  requires  the  specification  of  a desirable 
pressure  distribution,  which  is  a characteristic  that  is  evidently  well 
understood  by  the  designer.  However,  much  research  has  been  conducted 
(and  Indeed,  is  still  in  progress)  to  find  pressure  distributions  which 
the  boundary  layer  can  tolerate  and  which  yield  airfoil  geometries  that 
have  acceptable  off-design  characteristics  and  meet  the  various  practical 
constraints. 

There  have  been  many  recent  attempts  to  computerize  airfoil  design 
procedure.  Some  representative  ones  using  direct  approach  are  design  and 
optimization  methods  for  subcritical  and  supercritical  airfoils  by  Barger 
and  Brooks  (Ref.  3.8)  and  the  TSFOIL  code  (Ref.  3.203)  for  two-dimensional 
transonic  calculations.  The  latter  code  is  capable  of  simulating  wind 
tunnel  wall  effects.  Viscous  effects  have  been  accounted  for  in  subsonic 
flow  by  Morgan  (Ref.  3.202).  Garabedlan  (Ref.  3.95)  has  described  the 
development  of  a code  at  the  Courant  Institute  that  calculates  transonic 
flow  at  high  Reynolds  numbers.  For  the  inverse  approach,  mention  may  be 
made  of  a method  for  the  design  of  multi-element,  high-lift  systems  by 
Beatty  and  Narramore  (Ref.  3.13)  and  the  code  developed  by  Carlson  (Ref. 
3.35).  The  latest  version  of  Carlson's  code  has  the  capability  of  taking 
viscous  effects  into  account. 

Most  Invlscid  approaches  are  quite  efficient  with  respect  to  computer 
time,  requiring  only  a few  seconds  of  CPU  time  per  solution  on  a CDC  7600. 
However,  the  process  slows  down  considerably  when  viscous  effects  are 
Included. 

An  Important  advantage  of  the  computational  method  is  that  it  allows 
the  use  of  numerical  optimization  techniques  for  automated  airfoil  design. 
Vanderplatts,  Hicks,  and  Murman  (Ref.  3.283)  have  Investigated  one  such 
method  which  uses  direct  optimization  for  two-dimensional  flow.  They 
have  developed  a numerical  optimization  design  code  by  linking  an  optimi- 
zation program  based  on  the  method  of  feasible  directions  with  an  aerodynamic 
analysis  program  that  uses  a relaxation  method  to  solve  the  partial 
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differential  equations  governing  inviscid,  small  disturbance  flow.  The 
numerical  optimization  minimizes  some  specified  parameter  such  as  the  drag 
coefficient  for  a set  of  design  parameters  describing  the  airfoil  geometry, 
satisfying  a number  of  specified  constraints.  These  constraints  may  be 
aerodynamic  (e.g.,  on  lift  and  moment),  geometric  (e.g.,  on  airfoil 
thickness  or  volume),  or  related  to  the  pressure  distribution  (e.g.,  on 
pressure  coefficient  and  pressure  gradient).  A weak  point  of  the  method 
is  probably  the  polynomial  contour  representation,  since  it  somewhat  limits 
the  class  of  obtainable  solutions. 

A second  procedure  being  developed  at  the  National  Aerospace  Laboratory 
in  the  Netherlands  and  described  briefly  in  the  article  by  Sloof  (Ref.  3.251) 
is  the  so-called  constrained  inverse  method.  In  this  method  a target 
pressure  distribution  and  the  geometrical  constraints  are  formulated,  and 
the  problem  is  optimized  in  the  least-square  sense.  This  method  is  still 
being  refined,  and  the  details  are  not  available  at  the  moment. 

Sophisticated  computerized  design  methods  are  finding  increasing 
acceptance  in  the  aircraft  Industry.  This  can  be  illustrated  by  taking 
the  example  of  the  Lockheed  Aircraft  Company  (similar  programs  are  in 
effect  with  other  companies).  A total  of  one  computer  hour  was  used  in 
the  C-141  wing  design.  No  theoretical  computations  were  made  for  wing 
section  design;  only  wing  loading  was  computed  using  the  Falkner  planar 
lifting  surface  method.  More  time  was  spent  on  theoretical  computlon  on 
the  C-5A,  but  the  wind  tunnel  still  played  a major  part  in  finalizing  the 
design.  However,  the  design  philosophy  is  changing.  Lockheed  is  committed 
to  the  use  of  new  and  advanced  computational  methods  in  order  to  achieve 
an  optimum  design  for  their  Advance  Technology  Aircraft  (ATA)  now  under 
development.  In  ATA  design,  state-of-the-art  computational  methods  are 
being  used  including  the  Inverse  method  of  Carlson  (Ref.  3.35)  and  Hicks 
and  Vanderplatt ' s optimizing  technique  (Ref.  3.284)  mentioned  earlier. 

3.3.2  Three-Dimensional  Configurations 

One  of  the  challenging  problems  is  the  analysis  of  the  flow  past 
wing-body  combinations  in  three  dimensions.  Accurate  computational 
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techniques  for  predicting  the  magnitude  and  distribution  of  aerodynamic 
loads  are  needed  because  these  loads  control  the  performance  flying  quality 
and  structural  Integrity  of  an  aircraft.  The  importance  of  having 
reliable  load  predictions  in  an  early  stage  of  design  is  obvious . It  is  in 
the  area  of  three-dimensional  analysis  that  the  availability  of  fast  and 
large  computers  has  made  the  most  recent  impact. 

The  most  common  techniques  for  solving  inviscid  linear  subsonic  and 
supersonic  flow  problems  are  panel  methods.  These  methods  have  been 
developed  a great  deal  since  the  first  papers  on  this  subject  were  published 
about  fifteen  years  ago.  Today  complete  aeroplane  configurations,  including 
the  tailplane,  nacelles,  external  stores,  and  so  on,  can  be  calculated  with 
high  accuracy.  References  3.153  and  3.172  present  recent  reviews  of  panel 
methods . 

Recently,  Improved  higher-order  panel  methods  have  been  developed 
that  employ  curved  panels  and  are  in  principle  applicable  to  arbitrary 
configurations  (see  Ref.  3.79  for  one  such  method  developed  at  Boeing). 

Both  analysis  (Neumann)  and  design  (Dirichlet)  boundary  conditions  are 
treated.  The  method  seems  to  be  insensitive  to  the  arrangement  of  the 
panels,  which  is  a tremendous  advantage  from  the  user’s  point  of  view. 

For  subsonic  flow,  the  compressibility  effects  are  taken  into  account 
by  the  use  of  Goethert's  rule  or  by  corrections  based  on  semi-empirical 
considerations.  For  supersonic  flow,  two  of  the  more  popular  methods  are 
those  of  Middleton  (Ref.  3.195)  and  Woodward  (Ref.  3.299).  The  Middleton 
method  has  been  used  in  the  development  of  an  integrated  set  of  computer 
programs  for  wing  design,  drag-due-to-lif t analysis,  and  calculation  of 
far-field  and  near-field  wave  drags  and  skin  friction.  The  programs 
operate  independently  from  a common  geometry  description.  The  complete 
set  of  programs  takes  about  twenty  minutes  of  CPU  time  on  a CDC  6600. 

Another  code  that  should  be  mentioned  is  SUSSA  ACTS  (Ref.  3.184), 
which  uses  finite-element  methods  to  analyze  potential  compressible  flow 
(both  steady  and  unsteady)  around  complex  configurations.  Another  note- 
worthy method  is  one  by  Morettl  (Ref.  3.200)  for  solving  the  Euler 
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equations  for  supersonic  flow  about  complex  configurations  using  a shock- 
fitting, finite-difference  scheme  of  second-order  accuracy.  In  the  present 
state  of  implementation,  however,  the  scheme  is  somewhat  restricted  in  the 
configurations  it  can  handle. 

In  the  area  of  transonic  flow,  Bailey  and  Ballhaus  (Ref.  3.4)  have 
used  a relaxation  procedure  with  small-disturbance  equations  for  flows 
about  wings  and  wing-fuselage  combinations . The  solution  process  requires 
about  5 to  15  minutes  of  run  time  on  a CDC  7600.  Another  method,  put  into 
use  recently  by  the  Douglas  Aircraft  Company,  is  that  of  Caughey  and  Jameson 
(Ref.  3.137).  This  method  has  been  used  recently  in  nacelle  calculations 
and  calculations  of  flow  past  a swept  wing. 

Coupling  of  the  inviscld  codes  with  three-dimensional  boundary-layer 
codes  to  account  for  viscous  effects  is  in  the  early  stages  of  development. 
Representative  of  the  most  recent  attempts  in  this  regard  are  those  by 
McLean  (Ref.  3.190)  and  Hedman  (Ref.  3.111).  The  nonlinear  effects  of 
leading-edge  vortex  separation  have  been  taken  into  account  using  suction 
analogy  by  Weber,  et  al.  (Ref.  3.291). 

As  indicated  earlier,  aerodynamic  loads  determine  the  structural 
Integrity  of  an  aircraft.  Since  aerodynamic  loading  and  aeroelastlc 
structural  analysis  are  so  Intimately  related,  the  two  problems  ideally 
should  be  solved  simultaneously.  Development  of  the  FLEXSTAB  code  (Ref. 
3.78)  is  a step  in  this  direction.  FLEXSTAB  is  a system  of  digital 
computer  programs  developed  by  Boeing  under  NASA  sponsorship  to  evaluate 
the  static  and  dynamic  stability,  inertial  and  aerodynamic  loading,  and 
resulting  elastic  deformations  of  aircraft  configurations.  Many  practical 
problems  in  aeroelasticity  are  time  dependent,  and  there  is  a need  for 
development  of  unsteady  aerodynamic  methods.  References  3.20  and  3.226 
represent  recent  reviews  of  this  subject,  A solution  of  an  unsteady 
problem  requires  large  computer  run  times;  a benchmark  solution  of  time- 
dependent  Euler  equations  can  require  as  much  as  7 hours  on  a CDC  7600, 
even  for  two  dimensional  flow. 

The  computer  codes  developed  for  analysis  and  design  need  verification 
and  validation.  Panel  methods  are  generally  recognized  to  be  accurate 


125 


but  there  is  a need  for  comparison  between  the  various  methods.  Such  a 
program  of  comparison  is  now  under  way  in  a cooperative  effort  by  Boeing 
and  some  European  establishments  (Ref.  3.153).  An  assessment  of  the 
inviscid  supersonic  flow  codes  of  Middleton,  Woodward,  and  Moretti  was 
recently  made  by  Landrum  and  Townsend  (Ref.  3.162).  Interestingly, 
it  was  found  that  only  the  finite-difference  code  of  Moretti  predicted 
load  estimates  at  high  angles  of  attack  to  any  degree  of  satisfaction. 

3.3.3  Assessment  of  Difficulties  and  Limitations 

Although  some  of  the  computational  methods  described  above  are 
capable  of  providing  excellent  results,  there  are  certain  problem  areas 
and  limitations,  some  of  which  were  mentioned  earlier.  The  present-day 
computer-aided  design  systems,  even  if  they  contain  only  a panel  method 
together  with  just  the  geometry  model,  are  extremely  complicated  and 
require  a large  amount  of  maintenance.  Accurate  results  are  possible, 
however,  if  these  systems  are  implemented  in  a careful  manner. 

Viscous  effects  are  difficult  to  treat,  especially  in  three  dimensions. 
The  treatment  of  turbulent  boundary  layers  is  of  course  affected  by  the 
limitations  of  turbulence  modeling.  These  limitations  are  discussed 
elsewhere  and  will  not  be  dwelled  upon  here.  Also,  at  critical  structural 
and  control  design  conditions  involving  large  angles  of  attack,  the  attached 
flow  theories  are  found  to  be  inadeqxiate.  Attempts  to  include  corrections 
to  improve  the  situation  have  thus  far  proved  to  be  unsatisfactory. 

Finally,  it  may  be  mentioned  that  in  three  dimensions  the  methods  for 
the  design  problem  (inverse  methods)  do  not  seem  to  be  as  advanced  as 
methods  for  direct  problems.  The  direct  simulation  methods  do  not  add 
new  features  to  those  already  available  in  wind  txinnels . In  the  trial  and 
error  process  the  computer  offers  the  same  capabilities  as  the  wind  tunnel 
but  possesses  greater  speed,  flexibility,  and  economy.  It  seems  that  the 
time  has  come  for  the  development  of  the  inverse  method  in  three  dimensions. 

3.3.4  ConcZiidyConA 

In  vim  oi  tko.  abovz  (ic4ca6Axon  and  XQ.vlm  oi  tHoAotu/LO.,  the.  ^olloMlng 
conclu6lon6  oAe  duawn: 


126 


1.  The  new  computational  methods  o^^en.  a means  o^  reducing  oiAc/ui^t 
development  time  and  costs. 

2.  Potential  theoAc/  is  capable  o^  providing  good  results  {^on. 
unsepanated  subsonic  {^Zows. 

3.  The  transonic  llow  pn.obl.ejm  ts  n.eceiving  the  emphasis  it 
wannants,  and  pn.ogn.ess  is  being  made  and  can  be  expected  to  {^avonxibty 
impact  the  design  pnx}cess. 

4.  The  development  o^  thn.ee-dimensional  potential  ^low  codes  and 
design  codes  using  the  invense  method  need  mon.e  attention. 

5.  TheAe  is  a continuing  need  ion.  ventiication,  validation,  and 
comparison  oi  various  codes;  this  will  acquire  easier  access  to  large- 
scale  computers  by  nesearchens. 

6.  The  inclusion  oi  n.eal  iluid  ejects  in  design  codes  is  at  an 
early  stage  oi  development.  Pnogress  is  being  made  but  is  limited  by  the 
paesent  status  oi  the  theories  ior  turbulent  and  interactive  phenomena. 

7.  The  availability  oi  iaster  and  larger  computers  will  signiiicantly 
iacilitate  the  handling  OjJ  complex  three-dimensional  and! or  unsteady 
problems. 

8.  Because  oi  the  dil^icuLties  cited  above,  and  ^or  the  determination 
0^  complete  configuration  aerodynamics,  wind  tunnel  testing  is  still 
needed,  for  the  foreseeable  future  computers  and  wind  tunnels  will  be 
complementary. 
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3.4  FUNDAMENTAL  PROBLEM  AREAS 


The  current  status  of  computational  methods  for  fluid  mechanics 
problems  as  described  in  Section  3.2  indicates  the  tremendous  strides 
made  in  the  field  since  the  initial  work  of  Richardson  in  1910.  Since 
the  development  of  the  modern  electronic  computer,  many  Impressive 
calculations  have  been  conducted  for  problems  of  research  interest,  and, 
at  the  practical  level,  computational  solutions  have  begun  to  have  a 
significant  impact  on  the  design  process  for  flight  vehicles  and,  clearly, 
will  have  much  more  of  an  impact  in  the  future  as  the  computational 
discipline  gains  maturity  and  general  credibility.  There  are,  however, 
significant  problem  areas  which  have  thus  far  resisted  any  general 
resolution;  some  of  the  important  special  problems  areas  are  discussed 
in  Appendix  I.  In  oh.d2A  ^0^  ad\ia.n.c.(Ld  pAobteM  to  bo.  aomptt2.ntty  cuttmptzd 
aomputattoyuxlZy , it  ij>  i/npoAtant  that  A&6eaA.(iheAA  de.vote.  ^eAi.ou6  atte.ntton 
to  the  pAoblm  a/ieois  de&cAibed  in  Appendix  I and  in  the  ioltowing  &ixbi,eetiont, 

3.4.1  Self-Consistency 

Within  the  last  few  years  the  importance  of  attempting  to  make  careful 
verifications  (as  far  as  possible)  of  the  initial  results  obtained  from 
a fluid  dynamics  calculation  has  gained  higher  recognition,  and  such 
checks  are  now  much  more  widely  applied  as  a matter  of  routine.  The  term 
"conservative  difference  formulation"  has  largely  come  to  be  understood 
to  apply  to  one  which,  in  a given  problem,  has  given  consistent  (to  some 
order  of  accuracy)  values  for  the  mass  and  momentum  fluxes  as  determined 
by  the  computation  of  surface  integrals  over  various  arbitrary  closed 
contours.  Even  today,  howevea,  eheafu  ^oa  thl6  "macAo&eopie  eon&eAvaney" 
oAe  not  aim.y.6  peA^oAmed  tn  nmeAtaat  ^£ui.d6  studies,  and  a nmbeA 
impoAtant  (uateuZationi,  have  been  and  oAe  being  done  wtth  " noneonieAvadxve" 
techniques.  The  possible  rebuttal,  to  the  effect  that  "nonconservative 
techniques  sometimes  give  better  answers,"  merely  serves  to  indicate  that 
in  some  instances  the  methods  presently  available  are  not  sufficiently 
capable  of  discerning  the  basic  physical  phenomena  at  work  and,  hence, 
that  much  more  work  needs  to  be  done.  It  is  unacceptable  (other  than  as 
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a short-term  measure)  to  base  the  quantification  of  physical  effects  on 
methods  which  deny  the  known  physical  origins  of  these  effects. 

Another  approach  (Ref.  3,43)  to  checking  the  "self-consistency" 
of  initial  calculated  results  consists  of  checking  on  a cell-wise  basis 
(or  possibly  on  the  basis  of  clusters  of  small  numbers  of  cells)  that  the 
fluxes  of  the  dependent  variables  cancel  (within  the  order  of  local  accuracy 
of  the  difference  scheme  being  employed)  along  the  boundary  shared  between 
each  two  (or  other  small  number)  of  the  cells  which  are  adjacent.  T/ie, 
''mtcA04cop.tc  conseAmnai/"  ch&ak  should  be.  &nc.ouAag&d  iZnae.  "macAo6c.op^c." 
ch&ckXng  ddpmcU  upon  A.yvte.gnjoZ  d2.^Z(iX6  to  cU6c.eAn  nonc.om2t.vanay,  and  the. 
pnoae-duAe.  0(5  tyite.gAatton  notontouity  capable,  oi  ■smoothing  out  eAAotic 
potntwtse.  n.et>alts. 

3.4.2  Accuracy 

In  the  final  analysis  one  obtains  an  "answer,"  and  the  question  then 
is  whether  it  is  sufficiently  accurate.  Unfortunately,  the  results  of 
reasonably  well-formulated  numerical  procedures  for  fluid  dynamics 
problems  usually  give  qualitatively  appealing  answers  and  thus  encourage 
possible  misplaced  confidence  in  the  quantitative  results  obtained.  There 
has  been  only  relatively  little  attention  devoted  (see  Refs.  3.42,  3.49, 
and  3.120)  and  very  slow  progress  obtained  in  the  error  analysis  of  the 
more  difficult  problems  of  computational  fluid  dynamics,  and  results  which 
are  both  mathematically  rigorous  and  practically  applicable  are  almost  nil. 
These  are  crucial  matters,  however,  and  the  quest  for  the  maturation  and, 
ultimately,  the  complete  credibility  of  the  field  of  computational  fluid 
dynamics  demands  a more  thorough  resolution  of  these  most  difficult 
problems.  For  most  of  the  serious  applications  intended  for  the  compu- 
tational discipline,  it  is  essential  that  one  know  a reasonable  error 
estimate.  Engtne.eAing  design  o^  {flight  systems,  utilization  o^  lolnd  tunnel 
data,  etc.,  cannot  iully  benefit  ^Aom  .the  {^aooAable  Impact  pfionUsed  by 
the  potential  o^  computational  {^luid  dynamics  until  Aeallstlc  e/i/ioA  bounds 
as  Melt  as  appAoxlmate  ansMeu  can  be  provided. 
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3.4.3  Turbulence  Modeling 

The  Navier-Stokes  equations  will  be  used  as  the  basis  of  the  discussion 
of  turbulent  flow  problems.  However,  there  are  approaches  to  turbulence 
problems  which  do  not  use  these  equations  as  the  starting  point  (for 
example,  the  kinetic  and  stochastic  models  or  models  using  quasilinearization 
with  ideal  random  functions).  The  vast  majority  of  work  in  fluid  mechanics 
is  based  on  the  applicability  of  the  Navier-Stokes  equations  in  time- 
dependent  form.  Therefore,  the  computational  solution  of  an  ensemble 
of  the  fully  time-dependent  Navier-Stokes  equations  may  be  considered  as 
the  ultimate  solution  of  the  turbulence  problem. 

The  computed  solution  must,  however,  be  sufficiently  accurate  to 
permit  the  evaluation  of  practically  Important  correlations  to  within 
engineering  accuracy.  Now  the  spectral  analysis  of  turbulence  reveals  the 
dominance  of  production  and  dissipation  at  low  and  high  wave  numbers, 
respectively  (i.e.,  the  large-size  and  small-size  eddies).  The  energy 
transfer  in  the  wave  number  space  is  accomplished  by  the  characteristic 
nonlinear  energy  cascading  process.  Thus,  the  computed  solution  must  be 
accurate  down  to  the  smallest  size  eddies  where  dissipation  remains  impor- 
tant, and  these  eddy  sizes  decrease  with  increasing  Reynolds  number. 

The  size  of  the  Important  dissipative  eddies  and  the  resolution 
required  to  calculate  these  eddies  with  reasonable  accuracy  have  been 
considered  by  various  authors  (Refs.  3.43,  3,80,  and  3.212).  On  the 
basis  of  these  authors*  findings,  and  our  present  knowledge  about  computer 
systems,  it  appears  that  the  computational  solution  of  the  time-dependent 
Navier-Stokes  equations  in  three  space  dimensions  is  beyond  the  capacity 
of  present  and  anticipated  computers.  The  solution  of  the  same  problem 
in  two  space  dimensions  can  be  accomplished  and  it  has  been  suggested  that 
such  investigations  in  lower  dimensions  might  provide  some  insight  and 
help  the  development  of  phenomenological  models  of  turbulence.  This 
approach  is  disputable  on  purely  physical  grounds  and  recent  analytical 
evidence  also  tend  to  discredit  such  an  approach  (Refs.  3.15,  3.57, 

3.90,  and  3.92),  Consequently,  little  alternative  remains  other  than 
direct  phenomenological  representation  of  turbulent  stresses. 
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A great  many  turbulence  models  have  been  used  or  proposed.  Since 

many  reviews  have  appeared  rec,ently  on  the  subject  (Refs.  3.164,  3.219, 

( 

and  3.222  for  example),  the  discussion  below  is  brief. 

In  many  models,  the  lamii/iar  viscosity  coefficient  is  replaced  by  some 
eddy  or  turbulent  viscosity  with  dependence  on  geometry  and/or  local  flow 
conditions  as  circumstances  warrant.  Arbitrary  constraints  can  be  Introduced 
to  reproduce  experimental  data  but  neither  the  constraint  values  nor  the 
functional  format  are  universal.  The  eddy  viscosity  models  are  convenient 
for  correlating  experimental  data  without  much  predictive  value.  Such 
was  fully  demonstrated  for  turbulent  boundary  layers  and  jets  in  the  1968 
Stanford  and  1972  Langley  conference  proceedings. 

By  taking  the  velocity  moment  of  the  time-dependent  Navier-Stokes 
equations  and  averaging,  one  can  obtain  differential  equations  of  the 
second-order  velocity  correlations.  The  scalar  equation  for  the  turbulent 
kinetic  energy  is  the  most  widely  used.  Much  empiricism  is  involved  in 
defining  this  energy  equation  properly  for  solution,  and  some  relationship 
between  the  kinetic  energy  and  eddy  viscosity  must  be  postulated.  Alterna- 
tively, a selected  group  of  the  velocity  correlation  equations  may  be 
adopted  as  the  transport  equations  of  turbulence.  The  properties  of 
similtude.  Invariance,  local  isotropy,  and  the  like  are  often  selectively 
applied  by  individual  investigators.  To  date,  these  differential  methods 
have  not  yielded  significantly  better  results  than  algebraic  closure. 
Complexity  of  the  equation  system  multiplies  with  the  apparent  sophistication 
of  turbulence  models.  Their  computational  solutions  are  difficult,  and 
often  physically  nonrealizable  results  are  obtained  (Ref.  2.67  and  3.244). 
Computational  difficulties  with  a vast  system  of  equations  often  confuse 
and  cloud  the  fundamental  weakneses  of  differential  closure  models.  High- 
speed computation  can  aid  in  the  development  of  some  form  of  turbulence 
model,  but  it  cannot  do  so  if  the  proposed  models  become  so  complex  that 
the  computational  solution  is  difficult  and  of  uncertain  accuracy  and 
detailed  experimental  verification  of  the  model  is  not  possible. 

It  seems  reasonable  to  expect  that  the  large-scale  eddies  could  be 
adequately  computed  with  the  fully  time-dependent  Navier-Stokes  equations 


131 


using  modeling  of  the  small-scale  eddies.  The  resulting  system  of 
equations  would  be  generally  more  complicated  than  the  Reynolds-averaged 
Navier-Stokes  equations,  thus  more  difficult  to  solve,  and  must  be  com- 
puted with  temporal  accuracy  as  a time-dependent  problem.  In  this  sense 
the  subscale  modeling  trades  the  greater  computational  complexity  for 
somewhat  better  insight  into  the  physics  of  turbulence. 

The  development  of  better  turbulent  models  depends  on  the  verification 
of  the  computed  solution  with  pertinent  experimental  data,  not  only  of 
the  mean  flow  properties  but  the  turbulent  fluctuating  quantities  as  well. 

In  this  regard,  close  cooperation  between  the  model  builders,  those  doing 
the  computations,  and  those  performing  the  experiments  would  greatly 
facilitate  the  process.  The  turbulence  model  preferably  should  be 
reasonably  simple,  to  ease  the  computational  problem,  and  should  contain 
as  much  physics  as  practicable.  Both  the  computational  solutions  and  the 
experimental  data  should  be  given  well  defined,  and  preferably  comparable 
error  bounds  to  permit  meaningful  validation.  With  the  availability  of 
much  faster  and  larger  computational  facilities,  better  control  of 
computational  errors,  and  better  understanding  of  turbulence  phenomena, 
there  is  greater  promise  now  than  ever  before  that  the  crucial  problem  of 
turbulence  modeling  will  be  effectively  resolved. 

In  6ummcULy,  tho,  {^oZZovilnQ  aoncZuiXons  and  atcoime.ndatiom  cJid  oj^^eAe.d: 

1.  VdveZoprmnt  OjJ  new;  tufLbuZ^nc^  modoZi  that  mpha6tzt  phy&tcjoJL 
aont&nt  ItLiAbul&nt  ^t/iaatuAU  and  gmetaZ  beJiavtoaj  oatheA  than  mathematical 
complexity  should  be  cncou/caged. 

2.  VcveZopment  OjJ  betteA  txxAbalcncc  modeLi>  mZl  AcqulAc  clo^c 
coopeAotlon  between  tko6e  doing  compiitatloni  and  tho6e  doing  expe>viment6. 

3.  CompoAliond  between  computational  and  expeAlmental  Ae6uZti>  should 
go  beyond  the  mean  {^Ioim  pAopeAtleA  and  emphasize  the  detallA. 

4.  Reliability  o^  the  computational  AoluttonA  o^  the  AyAtem  o^ 
paAtlal  dli^eAentlal  equationA  mth  tuAbalence  modelA  muAt  be  emphoAlzed 
to  avoid  con^uAlng  the  meAltA  and  ^oaltA  o^  numeAtcal  methodA  iclth  the 
InadequacleA  o^  the  tuAbalence  model, 

5.  Eaaoa  boundA  OjJ  companable  magnltudeA  Ahoald  be  eAtabllAhed  ^oa 
both  computational  AolutionA  and  expeAlmental  data. 
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3.5  INTERACTION  AMONG  EXPERIMENTAL  AND  COMPUTATIONAL  TECHNIQUES 


3.5.1  Benchmark  Experiments 

The  advancement  of  computational  fluid  dynamics  at  this  stage  is 
intimately  dependent  on  the  availability  of  experimental  data. 

Two  cla6.6^6  0(5  TM^omcutLon.  ah.z  Ae-qouAed: 

1 . fundamental  data  to  6appoAt  development  o{,  tuAbulenae  modeling 

2.  Ve{,tnittve  expentmentA  to  6eAve  a6  6tandaA.dA  {^OA  ei>tabtu>klng 
the  cAedtbttity  o^  computational  tooJU> 

As  discussed  by  Marvin  (Ref.  3.187)  and  Johnston  (Ref.  3.219),  there 
is  a basic  lack  of  experimental  data  to  provide  the  necessary  detailed 
measurements  of  turbulence  properties  in  compressible  flows.  The  problem 
is  less  acute  for  two-dimensional  than  for  three-dimensional  mean  flows, 
but  the  fluctuating  component  is  always  three  dimensional.  Fundamental 
experiments  are  required  in  both  two-  and  three-dimensional  situations  that 
emphasize  simple  geometries  which  are  amenable  to  modeling  by  computational 
techniques.  Detailed  measurements  of  the  significant  parameters  within  the 
turbulent  flow  field  are  required  as  well  as  the  mean  surface  shear  stress. 

The  availability  of  experimental  data  on  more  complex  turbulent 
flows  would  allow  assessment  of  the  accuracy  of  turbulence  models  in  realistic 
situations.  Specifically,  the  effect  of  corner  and  tip  vortices  on  the 
evolution  of  turbulence  and  three-dimensional,  shock/boundary-layer  inter- 
actions with  and  without  separation  should  be  given  high  priority. 

Development  of  turbulence  models  that  are  sufficient  for  these  problems 
should  prove  adequate  for  the  general  design  problem. 

The  second  class  of  required  experiments  relates  to  the  problem  of 
acceptance  of  computational  tools  by  the  design  community.  Validation 
of  the  accuracy  of  computational  methods  cannot  be  demonstrated  by  comparison 
with  the  same  experiments  utilized  to  formulate  turbulence  models.  Indeed, 
it  is  desired  that  laminar  benchmark  experiments  be  available  for  the 
verification  of  computational  methods  independent  of  the  empiricism 
associated  with  the  turbulence  modeling.  Suggested  laminar  experiments 
are  flows  over  two-  and  three-dimensional  obstacles  with  local  separation 
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and  reattachment  and  repetition  of  Hakkinen's  shock/boundary- layer 
experiments  for  example.  In  every  instance,  measurements  of  the  flow- 
field  properties  as  well  as  surface  measurements  are  required  to  document 
the  quality  of  the  experimental  setup  and  to  provide  realistic  boundary 
conditions  for  the  computations . 

End-to-end  validation  of  computational  methods  can  be  provided  by 
comparison  with  detailed  experimental  data  on  simple  yet  representative 
aircraft  models  at  transonic  conditions.  Measurements  should  include 
pressure  distributions  over  the  model  surface  as  well  as  Integrated  model 
loads.  Again,  far-field  measurements  are  required.  One  of  the  working 
groups  within  the  AGARD  Fluid  Dynamics  Panel  is  addressing  this  problem, 
and  their  conclusions  and  recommendations  will  be  of  great  Interest. 

The.  de.\J2Jiopm2.nt  and  acce.pta.nce.  computcutlonaZ  iljaid  dynamics 
fie.qiJiAAc(>  addLctLonaZ  cxpeJtMncntal  data  cove/Ung  fundamental,  p^obtem  oJieaM 
.iuch  (X6  tuAbuZent  and  .icpoAotcd  flam.  Con^tdcAabty  moAc  detcuZed  meoAu/ie- 
ment6  of  cAuciaZ  cxampZeA  one  AcquiAcd  foA  the  next  advance  Zn  computatZonaZ 
technZque& . 

3.5.2  Optimal  Utilization  of  Data 

Experimental  results  contain  information  on  the  complete  physical  flow 
process  which  can  be  extracted  by  computational  analyses  based  on  the 
governing  equations  (Ref.  3.22).  Unknown  details  of  the  flow  can  ^len 
be  obtained,  though  they  are  not  directly  measured  or  even  measurable 
(Ref.  3.131).  The  concept  of  measuring  some  variables  and  using  them  in 
equations  to  determine  other  variables  is  not  new,  but  widespread  implemen- 
tation of  the  procedure  is  not  evident. 

For  example,  the  measurements  of  mean  velocity  profiles  in  turbulent 
flows  are  sufficient  to  evaluate  the  Reynolds  stresses  from  the  time- 
averaged  Navier-Stokes  equations.  Considerable  accuracy  and  point-to- 
point  smoothness  in  measurements  are  required  to  allow  meaningful  numerical 
differentiation  of  the  data  to  yield  results  without  excessive  error. 
Independent  measurements  of  the  Reynolds  stresses  would  establish  confidnece 
in  the  procedure  and  permit  improved  resolution  of  large- gradient  flows. 
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As  another  example,  in  the  case  of  trailing  vortex  experiments,  the 
wind  tunnel  turbulence  causes  vortex  meander  and  restricts  measurements 
to  mean  values  only.  Computations  based  on  these  measurements  can  extract 
considerably  more  information  on  the  vortex  interaction  and  decay  process 
(Ref.  3.171).  Another  possible,  but  currently  impractical,  application 
relates  to  the  stability  testing  process  in  wind  tunnels.  Static  stability 
derivatives  are  conventionally  obtained  utilizing  steady-state  force  and 
moment  balances , whereas  dynamic  stability  derivatives  are  measured  with 
specialized  free-  or  forced-oscillation  rigs.  In  reality,  the  wind  tunnel 
turbulence  and  support  vibrations  are  forcing  model  movement  during  the 
steady-state  test  so  that,  in  principle,  both  the  dynamic  and  the  static 
stability  derivatives  could  be  determined  simultaneously  with  conventional 
balances.  The  fundamental  limitations  to  Implementation  of  this  process 
are  the  necessity  for  detailed,  time-dependent  tunnel  calibrations, 
extensive  balance  calibrations,  and  the  availability  of  great  computational 
power . 

The  concept  of  fitting  or  matching  experimental  data  to  the  governing 
equations  also  allows  the  determination  of  possible  errors  in  the  experimental 
technique.  The  classic  example  is  the  illustration  of  three-dimensional 
contamination  in  supposedly  two-dimensional  boundary  layers . Improved 
data  quality  can  result  from  a more  detailed  analysis  of  the  flow  and  of 
the  interrelationships  between  measured  quantities. 

Mo/te  mpkoUti^  i,hoaM.  be  ptaazd  on  tkt  u6z  oii  computationi  to  veAl^y 
thz  uilnd  tunnel,  data  quaJUty  and  to  extnact  aZZ  tkz  &tQnllt(iant  tniomnation 
i^Aom  a gtvzn  iet  o{i  data. 

3.5.3  Computer/Wind  Tunnel  Integration 

In  assessing  the  relative  roles  of  computer  and  wind  tunnel  simu- 
lation facilities,  it  is  important  to  recognize  that  their  Inherent 
limitations  are  complementary.  The  complementary  aspects  of  numerical 
methods  and  wind  tunnel  testing  are  summarized  in  Table  3.1  (taken  from 
Sloof,  Ref.  3.251)  which  lists  their  main  possibilities  and  limitations. 
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wind  Tunnel  Testing 


Numerical  Methods 


1.  Complete  physics  (full  equations 

of  motion) 

2.  Wrong  geometrical  environment 

(walls,  stings,  etc.) 

3.  Model  changes  time  consuming  and 

expensive 

4.  Easy  change  of  flow  conditions 

5.  Flow  about  a given  body  only 

6.  Limited  accessibility 


1.  Parts  of  physics  (approximate 

equations  of  motion) 

2.  Correct  geometrical 

environment  possible 

3.  Model  geometry  easily  changed 

4.  Change  in  flow  conditions 

may  require  a different 
model 

5.  Type  of  boundary  conditions 

may  be  changed 

6.  High  accessibility 


Table  3.1  Complementary  Aspects  of  Wind  Tunnel  Testing 
and  Numerical  Methods 


Other  limitations  of  wind  tunnels  include  the  model  size  that  can 
be  handled  and  the  flow  quality  that  can  be  produced.  The  computer, 
on  the  other  hand,  is  limited  by  its  speed  and  storage  capacity. 

One  of  the  obvious  ways  in  which  computer/wind  tunnel  integration 
can  be  and  is  being  implemented  is  in  planning  and  interpreting  wind 
tunnel  tests.  This  phase  of  the  integration  was  elaborated  upon  in 
Section  2.4.  Another  desirable  way  in  which  computerized  techniques  can 
be  used  potentially  is  in  extrapolation  of  wind  tunnel  data  to  flight 
conditions.  Considerable  improvement  in  the  predictive  abilities  of 
the  computational  methods,  particularly  with  respect  to  interactive 
phenomena  and  transition  and  turbulence  modeling,  will  have  to  be  achieved 
before  such  extrapolations  can  be  carried  out  with  confidence.  The 
extrapolation  methods  that  are  presently  used  are  highly  empirical.  It 
should  be  possible  to  put  them  on  a firmer  basis  with  the  current  state- 
of-the-art  computational  fluid  mechanics. 
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There  is  another  area  in  which  the  complementary  aspects  of  wind 
tunnel  testing  and  numerical  methods  need  to  be  further  exploited.  A 
wind  tunnel  is,  in  a sense,  an  analog  computer  for  solving  the  full, 
unsteady  Navier-Stokes  equations;  however,  it  does  not  simulate  the 
correct  geometrical  environment.  The  numerical  methods  in  their  present 
state,  on  the  other  hand,  are  able  to  solve  only  approximate  equations. 
Nevertheless,  it  is  relatively  easy  to  numerically  simulate  a given  set 
of  boundary  conditions . Computerized  analytical  techniques  can  therefore 
be  used  to  simulate  wind  tunnel  wall  boundary  conditions  and  to  adjust 
xrtnd  tunnel  wall  conditions  to  simulate  free-f light  conditions . Some 
work  in  this  area  has  already  beendone,  especially  for  transonic  flow 
problems.  The  TSFOIL  code  (Ref.  3.203)  for  analyzing  and  designing  two- 
dimensional  transonic  airfoils  has  the  capability  of  providing  boundary 
conditions  for  solid,  perforated,  or  slotted  walls.  An  attempt  in  this 
direction  for  three-dimensional  transonic  flow  has  recently  been  made  by 
Schmidt,  et  al.  (Ref.  3.242). 

A role  of  the  wind  tunnel  that  is  likely  to  be  increasingly  emphasized 
is  in  the  substantiation  of  computational  schemes  as  well  as  in  the  veri- 
fication, sometimes  the  refinement,  of  the  results  of  calculations.  Before 
they  can  be  used  with  confidence,  the  codes  must  be  thoroughly  validated. 
One  way  of  doing  this  is  by  means  of  careful  wind  tunnel  experiments. 
Validation  is  especially  needed  at  high  Reynolds  numbers  for  a given 
numerical  scheme  to  be  used  with  confidence  in  simulation  of  or  extra- 
polation to  actual  flight  conditions.  One  of  the  major  functions  of  the 
proposed  National  Transonic  Facility  is  expected  to  be  the  validation  of 
computational  codes  at  high  Reynolds  numbers. 

The  wind  tunnel  and  computation  methods  can  also  work  together  to 
help  provide  an  understanding  of  the  physics  of  the  phenomena.  Often 
the  designer  is  more  interested  in  the  physics  of  the  phenomenon  than  in 
the  quantitative  results.  In  the  case  of  buffeting,  for  example,  from  the 
designer's  point  of  view  the  important  thing  is  not  whether  one  can  predict 
the  buffet  Intensity  that  is  going  to  occur,  but  whether  one  can  get  rid 
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of  the  buffeting.  More  work  needs  to  be  done  in  using  wind  tunnels  and 
computational  methods  in  a complementary  fajshion  to  isolate  the  relative 
effects  of  various  factors  that  are  likely  to  influence  a given  complicated 
physical  phenomenon. 
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3.6  FUTURE  PROSPECTS  FOR  COMPUTATIONAL  FLUID  DYNAMICS 


3.6.1  Computer  Requirements 

There  is  an  immediate  general  need  for  the  availability  of  faster 
and  larger  computers  to  permit  computational  fluid  dynamics  to  contribute 
more  significantly  to  real  design  problems.  There  is  also  a specific 
need  for  much  faster  and  larger  computers  for  the  solution  of  Navier- 
Stokes  equations  (and  the  like)  to  provide  more  information  about 
Interaction  problems  in  fluid  mechanics  and  thus  to  help  the  designers  to 
make  better  estimates.  The  latter  requirements  are  much  more  demanding 
but  offer  a much  more  significant  payoff. 

Currently  available  large  computers  with  an  average  speed  of  about 
1 MFLOP  (million  floating  point  operations  per  second)  are  quite  adequate 
for  the  solution  of  inviscid  flows  and  boundary-layer  flow  fields  in 
two  space  dimensions  with  reasonably  complicated  geometry.  The  faster  and 
larger  machines  among  those  presently  available  can  even  handle  some 
simple  three-dimensional  flow  problems;  with  one  or  two  orders  of 
magnitude  increase  in  overall  computing  speed  there  should  be  improvements 
in  this  area. 

The  computational  solution  of  the  Navier-Stokes  equation  for  some 
of  the  typical  viscous  interaction  problems  has  been  successfully  carried 
out  with  sufficient  reliability  to  complement  wind  tunnel  data  (as  was 
mentioned  in  Section  3.1.2  and  described  in  subsequent  sections).  Most 
of  the  currently  available  computers  are  marginally  adequate  for  treating 
simple  problems  of  this  type  in  two  space  dimensions,  but  there  is 
promise  that  significant  improvements  in  the  accuracy  of  the  results 
obtained  thus  far  can  be  improved. 

The  integration  of  the  Navier-Stokes  equations  in  two  space  dimensions 
generally  requires  a total  of  about  10^  floating  point  operations  per 
mesh  point  for  four  variables.  Currently  available  machines  can  accommo- 
date about  10^  to  lO'^  mesh  points;  thus,  for  such  a computational  field,  a 
single  sweep  (assuming  1 MFLOP  capability)  will  require  from  1 to  10  seconds. 
The  solution  of  a problem  should  typically  be  achieved  in  10^  (or  less) 


139 


iterations  (or  time  steps)  so  that  on  the  order  of  an  hour  of  CPU  time 
would  be  required.  However,  treatment  of  viscous  interaction  problems 
in  three  space  dimensions  appears  beyond  the  reach  of  present  computers; 
much  larger  and  faster  machines  will  be  needed.  In  three  space  dimensions, 
10^  to  10^  mesh  points  will  be  needed  in  the  field  of  computation  for 
adequate  resolution;  assuming  no  further  complications  arise  in  this 
treatment  of  increased  space  dimension,  a machine  capable  of  about  10^ 

MFLOP  will  be  required  if  the  solution  is  to  be  obtained  in  a matter  of 
hours.  Furthermore,  when  complicated  turbulence  models  are  involved  in  the 
calculation,  additional  dependent  variables  and  equations  will  be  involved  so 
that  a capacity  of  10^  MFLOP  would  be  demanded  of  the  "future  computer." 

The  past  record  of  computer  development  has  been  so  impressive  that 
one  has  come  to  expect  an  order  of  magnitude  speed  improvement  every  5 
to  10  years;  such  circumstances  have  tended  to  foster  excessive  optimism 
on  the  part  of  the  users  in  relying  on  computer  speed  and  capacity  improve- 
ment for  the  solution  of  problems  which  cause  difficulty  on  the  machines 
available  at  a given  time.  However,  it  is  clear  that  continued  such 
improvements  in  hardware  are  not  to  be  expected  in  the  future;  thus 
improvements  in  the  computational  methods  are  essential.  For  the  present, 
computer  scientists  must  rely  on  the  use  of  parallelism  (concurrent 
operations  and  multiplicity  of  hardware)  to  increase  the  "effective"  speed 

of  computation  since  there  will  be  limited  Increases  in  "physical"  sjieed. 

<4' 

The  management  of  parallel  operations  demands  such  highly  sophisticated 
software  that  only  "single  instruction-multiple  processor"  (SIMP)  machines 
will  be  constructed  for  the  present  and  near  future.  Such  SIMP  machines 
require  either  that  all  the  parallel  processors  do  the  same  operation 
under  the  same  instruction  (Illiac  IV)  or  that  the  same  operation  be 
repeated  over  a long  sequence  of  operands  in  a pipeline  fashion  (Star) . 

The  speed  advantage  of  the  SIMP  machine  can  be  realized  only  with  "vector 
mode"  operations.  When  a program  does  not  call  for  concurrent  or 
repeated  operations,  the  SIMP  machines  will  operate  in  scalar  mode  and 
thus  incur  speed  reduction  due  to  idle  processors  or  pipe-filling  time; 
therefore,  the  overall  speed  achieved  in  the  solution  of  a given  problem 
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will  depend  heavily  on  the  relative  number  of  scalar  operations  or 
operations  that  can  be  only  minimally  vectorized. 

In  this  respect  the  solution  of  large  fluid  mechanics  problems  with 
SIMP  machines  creates  many  difficulties.  The  5 to  10  million  words, 
representing  the  dependent  variables  at  the  approximately  10  mesh  points 
in  the  field  of  computation,  should  be  updated  during  every  sweep  in  the 
order  of  a second;  this  time  includes  the  time  required  to  search  and 
identify  the  addressed  words  in  the  memory,  fetch  them,  transmit  them  to 
the  control  processor (s)  for  updating,  and,  finally,  store  the  new  values 
at  appropriate  memory  locations.  This  can  be  done  if  all  these  words  are 
stored  in  the  fast,  random  access  memory,  directly  accessible  to  the  CPU. 
Such  fast  memory  is  expensive;  thus,  the  size  of  the  largest  such  memory 
currently  being  offered  is  only  10^  words  (CRAY  I).  A majority  of  the 
data  are  stored  at  somewhat  remote  and  Inaccessible  mass  storage  locations 
in  some  slower  access  units;  to  keep  the  parallel  processors  busy  at  full 
speed  data  must  be  transferred  in  the  appropriate  order  to  the  fast-access 
memory  locations.  This  task  of  data  management  significantly  complicates 
the  software  and  calls  for  parallel  paths  of  sufficient  widths  and  fast 
input-output  devices  and  memory  units.  A slight  lag  in  the  rate  of  data 
supply  to  the  CPU  will  quickly  result  in  the  exhaustion  of  the  needed 
data  in  the  fast-access  memory  and  the  halt  of  the  machine  (the  "Page 
Fault").  When  the  fast,  direct-access  memory  is  too  "small"  page  faults 
can  occur  so  frequently  that  the  machine  is  doing  little  besides  trans- 
ferring data  back  and  forth  among  various  memory  locations.  A simple 
solution  to  this  problem  consists  of  providing  large  enough  fast-access 
memories,  expensive  as  they  may  be;  fast  memory  capabilities  are  expected 
to  increase  rapidly  in  future  computers. 

A more  functional  difficulty  of  using  SIMP  machines  for  solving 
problems  in  computational  fluid  dynamics  is  the  relative  content  of 
scalar  and  vectorizable  operations.  Computational  fluid  dynamics  problems 
are  generally  initial  boundary-value  problems  with  boundary  point  values 
to  be  updated  along  with  the  interior  point  values . The  operations  at 
all  the  Interior  points  are  readily  amenable  to  vectorization  (for 
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certain  stencils,  the  vectorizatlon  Is  obvious,  but  for  other  stencils, 
much  skill  may  be  needed) . The  operations  at  boundary  points  are  not 
vectorlzable;  they  can  vary  considerably  and  frequently  do  vary  along  the 
various  parts  of  the  computational  boundary.  Thus,  all  those  operations 
must  be  conducted  In  scalar  mode  (or  rather  short  vector  mode) . The 
sequential  operation  of  updating  alternately  the  Interior  and  the  boundary 
points  Is  natural  and  causes  no  problem  In  most  of  the  currently 
available  sequential  machines.  If  such  sequential  programs  are  used  on 
computers  with  parallel  processors  of  the  various  kinds  (Illlac,  Star, 

Cray,  ASC,  etc.)  more  time  will  be  required  because  the  parallel  machines 
will  run  In  scalar  mode  exclusively  and  will  have  to  pay  the  penalty  of 
the  overhead  of  carrying  the  complicated  software  for  parallel  operations . 

It  Is  therefore  necessary  to  convert  the  existing  sequential  programs 
In  order  to  take  advantage  of  vector  processing  capabilities.  The  computer 
manufacturers  have  learned  much  from  the  experiences  of  Illlac  IV  and 
Star  and  are  trying  to  provide  some  software  capability  of  vectorizing 
current  Fortran  programs  for  use  In  their  parallel  processors.  However, 
they  have  so  far  failed  to  deal  with  the  fundamental  nature  of  the  logic 
of  the  existing  programs  which  Involve  alternating  operations — one 
highly  vectorlzable,  the  other  not.  The  penalty  to  be  paid  for  a small 
fraction  of  scalar  operations  Is  extremely  high;  orders  of  magnitude 
Increase  of  the  parallel  speed  may  not  even  double  the  overall  speed  if 
roughly  equal  times  are  spent  on  vector  and  scalar  operations.  It  -iA 
^poH^yvt  that  the.  iutu/te.  computeAA  to  be  deAtgmd  ^o/l  c.omputatlomZ  ^Zutd 
dynamlcA  enhance  the  totaZ  eHeetZve  6peed  noitheA  than  only  the  6peed 
IxndeA  pOAollel  Ope/iattonA , This  is  especially  Important  to  agencies  and 
Institutions  which  wish  to  continue  the  use  of  their  vast  library  of 
sequential  programs. 

3.6.2  Fast  Algorithms 

A helpful  solution  to  the  computer  manufacturer’s  difficulty  just 
referred  to  Is  for  the  computational  aerodynamiclsts  to  rewrite  their 
programs  to  maximize  the  vector  content  of  the  operations,  or  even  better. 
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to  devise  new  ways  (algorithmic  logic)  of  solving  their  problems  with  an 
absolute  minimum  of  scalar  operations.  Besides  the  question  of  the 
economics  of  converting  the  existing  library  of  CFD  programs,  the  compu- 
tational fluid  dynamicists  are  poorly  equipped  to  do  the  task,  even  if 
they  are  willing. 

Software  to  control  a sophisticated  computer  and  to  derive  the 
maximum  speed  from  the  parallel  machine  is  extremely  complex  and  depends 
largely  on  the  specific  architecture  and  various  component  capabilities 
of  the  computer.  The  computer  manufacturers  now  consider  the  development 
cost  of  software  to  support  a machine  to  be  as  great  or  greater  than  that 
of  the  hardware  itself.  Most  computational  fluid  dynamicists  cannot  even 
begin  to  think  about  programming  at  the  machine  level.  Computational 
fluid  dynamicists  have  demonstrated  their  ability  to  write  Fortran 
programs  which  in  most  instances  can  be  improved  by  a factor  of  two  or 
more  by  a professional  programmer.  Even  the  scientists  and  programmers 
at  the  Los  Alamos  Scientific  Laboratory,  with  their  personnel  resources 
and  high  level  of  expertise,  need  many  years  of  practice  to  utilize  their 
many  large  computers  efficiently.  Those  able  to  write  efficient  compu- 
tational fluid  dynamics  programs  for  the  new  parallel  machines  will  be 
few  indeed.  Moreover,  computational  fluid  dynamicists  have  their  own 
problems  and  should  not  be  required  to  become  proficient  in  a new  program- 
ming language.  It  is  therefore  highly  desirable  for  the  manufacturer  of 
a parallel  machine  to  supply  the  users  with  a conversion  code  from  Fortran, 
or  at  least  a minimum  extension  for  vectorizing. 

The  conversion  routine  to  take  advantage  of  whatever  parallelism  exists 
in  a basically  serial  code  is  clearly  a complex  proposition.  Research 
in  the  direction  of  developing  new  ways  (not  just  algorithms  or  stencils) 
for  solving  the  partial  differential  equation  system  can  be  highly  rewarding 
if  the  new  ways  are  particularly  adaptable  to  vectorized  computation. 
Different  types  of  algorithms  may  be  favored  by  different  parallel  machine 
architectures.  Thus,  implicit  finite  difference  algorithms  and  Galerkln- 
type  finite-element  or  spectral  algorithms  are  favored  by  parallel 
processors  such  as  Illiac  IV.  Explicit  finite-difference  algorithms  are 
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favored  by  the  pipeline  processors  like  Star.  The  Texas  Instrument  ASC 
machine  with  two  or  four  pipes  may  favor  some  other  types  of  special 
algorithms.  More  research  effort  in  this  area  is  required  and  should 
Include  problems  associated  with  the  boundary  conditions,  which  are  of  a 
"scalar"  nature. 

A distinctive  approach  to  the  solution  of  three-dimensional  flow 
problems  is  the  method  of  splitting  operators.  A 3-D  operator  such  as 
the  Navler-Stokes  is  replaced  (or  approximated  in  some  weak  sense)  by 
a succession  of  one-dimensional  operators.  This  method  is  useful  for 
time- dependent  problems  with  suitable  boundary  conditions  which  are 
computed  at  sufficiently  small  time  steps.  The  application  of  this  method 
to  steady-state  flow  problems  requires  modifications  that  leave  much  to 
be  desired.  With  better  understanding  and  methods  of  implementation, 
the  splitting  method  may  greatly  reduce  the  need  of  ever  larger  computers 
and  should  be  supported  by  research  funding. 

3.6.3  Fundamental  Studies  and  A Posteriori  Error  Bounds 

For  the  class  of  viscous  interaction  problems  that  requires  the 
solution  of  the  Navier-Stokes  equations  at  large  Reynolds  number,  the 
field  of  computation  generally  contains  regions  with  mixed  hyperbolic 
and  elliptic  (or  parabolic)  behavior.  The  imposition  of  boundary  conditions 
to  formulate  the  discretized  problem  properly  is  uncertain  especially  since 
some  of  the  regions  in  question  are  always  extraneous  (i.e.,  superfluous 
from  the  view  of  the  partial  differential  equations) . The  simpler 
discretization  algorithms  often  do  not  permit  the  computations  to  remain 
stable  in  both  the  hyperbolic  and  the  parabolic  regions.  Stability  of 
computation  is  often  achieved  by  (1)  introducing  artificial  viscous  terms 
in  the  differential  equations,  (2)  incorporating  smoothing  routines  or 
setting  upper  bounds  of  variations  or  various  other  computational  artifices, 
and  (3)  altering  the  boundary  conditions. 

When  periodic  boundary  conditions  are  Imposed,  both  the  stability  and 
convergence  for  some  discretized  form  of  the  Navier-Stokes  equations  based 
on  some  simple  algorithms  can  be  mathematically  proven.  If  the  lift 
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and  drag  forces  acting  on  a body  embedded  in  the  flow  field  with  periodic 

boundary  conditions  are  found  to  be  distinctly  nonzero,  then  the  discretization 

formulation  is  not  self-consistent.  This  inconsistency  is  of  fundamental 

importance  and  is  due  to  the  accumulation  of  local  discretization  errors 

generally  neglected  by  order  of  magnitude  arguments.  Although  there  is 

no  sure  way  to  avoid  all  discretization  errors*  it  is  possible  to  avoid 

the  accumulation  of  those  physical  qualities  which  must  be  conserved  in 

the  physical  space  (i.e.,  mass,  momentum,  and  energy).  There  may  be  errors 

in  the  fluxes  of  these  quantities  across  a given  physical  boundary,  but  when 

the  two  neighboring  volumes  are  added  together,  those  errors  must  cancel 

identically  so  that  the  conservation  laws  applied  to  the  combined  volume 

will  receive  no  contributions  from  the  interior  (even  in  the  forms  of 

doublets,  quadrupoles,  or  vortices).  From  the  potential  theory  of  thin 

airfoils  and  circular  cylinders,  such  doublets  and  vortices  distributed 

over  a line  or  surface  can  be  used  to  represent  physical  bodies  like 

Venetian  blinds  or  grids.  The  residual  "higher  order"  errors  in  the  fluxes 

of  these  conserved  quantities  cannot  be  tolerated  within  the  field  of 

computation  just  as  those  blinds  and  grids  cannot  be  tolerated  in  wind 

tunnel  test  sections.  There  are  many  different  ways  to  achieve  such 

"conservation  difference"  algorithms,  but  they  are  not  always  achieved 

by  writing  the  differential  equations  in  the  so-called  conservation  or 
9 9 

divergence  form,  ^ U + F(U,X)  = ),  even  if  "U"  represents  the  mass, 
momentum,  and  energy . The  conservation  of  the  discretized  equations 
must  be  checked  in  physical  space  coordinates. 

Such  conservation  laws  in  arbitrary  discretized  volumes,  not  the 
differential  equations,  are  the  laws  established  by  experiments  as  the 
foundation  of  physics.  The  uncertainties  on  the  boundary  of  the 
physical  experiments  correspond  to  the  uncertainties  of  specifying  the 
boundary  conditions  in  our  computation.  The  discretization  errors  on 
the  boundary,  just  like  measurement  errors  in  physical  experiments,  are 
not  avoidable,  even  if  the  discretization  errors  do  not  accumulate  in 
the  strict  conservation  form.  It  is  necessary  to  study  the  effects  of 
these  uncertain  boundary  conditions  on  the  computed  solution — just  as 
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wind  tunnel  data  should  be  studied  to  Isolate  the  various  effects  of 
the  tunnel  operating  conditions.  Physical  phenomena  are  Insensitive  to 
measurement  errors  on  the  boundary;  thus  our  computed  results  and  wind 
tunnel  results  should  be  likewise  Insensitive  to  small  variations  of 
boundary  conditions.  Mathematically,  this  is  what  is  meant  by  the  term 
"well  posed."  When  it  is  not  known  how  to  render  a well-posed  problem 
mathematically,  it  is  clearly  desirable  to  assure  the  insensitivity  of 
the  solution  relative  to  perturbations  of  various  boundary  data,  including 
the  various  spurious  factors  that  may  have  been  introduced  into  the  difference 
formulation,  deliberately  or  unknowingly.  When  the  solution  is  sensitive 
to  the  adjustment  of  such  boundary  parameters,  the  solution  should  be 
very  carefully  studied  and  most  probably  should  be  rejected.  It  is  not 
satisfactory  to  adjust  the  computational  details  to  reproduce  a desired 
result.  Indeed,  the  variability  of  the  results  on  any  such  computational 
details  should  be  considered  as  part  of  the  inherent  error  of  the  computed 
results.  Credibility  of  a computed  result  will  come  only  when  reasonable 
bounds  can  be  set  on  all  the  errors. 

The  errors  in  a computational  solution  of  a consistent  set  of 
discretized  equations  (e.g.,  free  from  artificial  viscosity)  for  a given 
physical  problem  consist  primarily  of  three  major  sources: 

1.  Round-off  error,  (Er) , is  an  accumulation  of  the  error  caused 

by  finite  precision  arithmetic  with  local  round-off  error  (er)  and  may  be 
estimated  according  to  random  accumulation  (i.e.,  Er  = ej-N^s,  where  N is 
the  total  number  of  floating  point  operations  of  the  computation) . For 
a given  computer  and  a limited  value  of  Er  (say  less  than  1 percent)  the 
total  number  of  operations  (or  machine  CPU  time)  may  thus  be  limited  by 
this  error  bound. 

2.  Discretization  error  (Ed)  is  an  accumulated  error  in  the  interior 
of  the  field  of  computation  due  to  the  local  discretization  error  (ed) 
according  to  the  numerical  formulation  of  the  physical  problem. 

3.  Boundary  error  (Eb)  is  an  accumulated  error  in  the  interior  of 
the  field  of  computation  due  to  the  uncertainties  of  the  well  posed 
boundary  formulation  of  the  computation  that  departs  from  the  physical 
boundary  formulation. 
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A rigorous  estimate  of  error  Ed  may  be  obtained  with  the  energy 
method,  but  the  bounds  are  generally  too  broad  to  be  of  practical 
significance.  Stability  of  a computation  essentially  means  the  boundedness 
of  the  error  at  all  Ax,  At  0,  and  as  such  will  vanish  as  both  Ax  and  At  0. 
The  practical  question  is  how  small  the  Ax  and  At  should  be  in  order  that 
the  error  may  be  reasonably  small  (i.e.,  within  the  engineering  require- 
ments). An  analysis  (Ref.  3.42)  of  a class  of  discretized  forms  of  Burger's 
equation  as  a one-dimensional  model  of  the  Navier-Stokes  equation  based  on 
second-order  conservative  difference  algorithms  leads  to  an  upper  bound 
estimate  of  this  error  Ed  ^ 0.03  (Re) 2 where  Re  is  the  mesh  Reynolds 
number  based  on  the  velocity  change  per  mesh,  the  mesh  size.  Ax,  and 
the  total  viscosity  (physical  and  numerical).  Later  computational  studies 
of  physical  flow  fields  with  Navier-Stokes  equations  have  shown  that  this 
estimate  is  a very  good  upper  bound  for  Re  < 2 but  that  it  rapidly 
became  a tremendous  overestimate  of  the  error  as  Re  > 4.  This  is  so  for 
a strictly  conserved  discretized  formulation.  Otherwise,  limited 
experience  with  the  Navier-Stokes  equation  shows  that  the  above  estimate 
becomes  an  overestimate  only  when  Re  is  appreciably  larger  than  10. 

In  the  practical  applications  of  such  an  estimate,  it  is  important  to 
compute  at  such  a low  mesh  Reynolds  number,  which  can  be  marginally  met 
for  two-dimensional  flow  problems  with  currently  available  computers . 

Much  is  needed  to  analyze  the  accumulated  discretization  error  to  provide 
some  meaningful  but  simple  upper  bounds  of  this  Ed  at  least  for  Re  as 
large  as  10  to  20.  This  is  the  case  because,  with  three-dimensional 
problems  in  view,  even  orders  of  magnitude  improvement  of  the  computer 
power  cannot  possibly  yield  anything  much  better  than  Re  ^ 10  to  20. 

Analysis  for  the  understanding  of  discretized  approximation  at  "coarse" 
mesh  is  of  primary  importance  in  substantial  Improvement  of  the  predictive 
reliability  of  computational  fluid  dynamics. 

Better  understanding  of  the  errors  caused  by  boundary  conditions 
through  analysis  of  the  discretized  formulation  may  be  much  harder  to 
estimate.  Fortunately,  a reasonable  experimental  technique  can  help  us 
in  estimating  the  errors.  One  can  assess  the  extent  of  the  errors  at 
the  boundaries  by  performing  sensitivity  studies  and  summing  the  Influence 
from  the  individual  errors. 
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If  any  of  the  individual  errors  is  too  large  fractionally,  compared 
with  the  data  perturbation,  the  discretization  formulation  Is  poorly 
posed  and  should  be  rejected.  Thus  Eb  is  essentially  a measure  of  the 
well-posedness  of  the  discretization  formulation.  The  typical  perturbation 
of  the  data  should  include  at  least: 

1.  Mesh  refinement 

2.  Field  enlargement  and/or  alteration 

3.  Different  initial  data 

4.  Different  implementation  of  sensitive  boundary  conditions 

5.  Impulsive- type  disturbances  of  unit  magnitude  at  key  locations 
on  the  boundary  and  throughout  the  interior  to  estimate  the 
influence  functions  of  different  types  of  boundary  errors 

The  a posteriori  study  described  above  has  been  carried  out  for  at 
least  two  widely  different  cases  of  rather  complex  fluid  mechanics 
problems.  The  computed  results  have  been  compared  with  experimental  data 
and  other  computational  results.  It  was  fully  demonstrated  that  compu- 
tational solutions  of  the  full  Navier-Stokes  equations  to  have  prediction 
value  equal  to  experimental  data.  It  was  also  demonstrated  how  wrong  the 
computed  solutions  can  be  if  one  does  not  carefully  complete  the  a 
posteriori  study.  It  is  true  that  the  a posteriori  study  is  in  part 
heuristic  and  much  dependent  on  perturbation  arguments.  Its  technique 
and  foundation  need  to  be  improved  and  more  soundly  established.  Much 
analysis  needs  to  be  encouraged  in  this  direction.  The  error  bounds  of 
computational  solutions  established  from  the  a posteriori  study,  even  in 
Its  present  form,  may  be  accepted  as  valid  support  of  the  credibility  of 
the  computational  results.  The  current  situation  is  that,  for  computations 
with  sufficiently  refined  mesh  sizes  of  Re  10,  the  dominant  contribution 
to  the  overall  error  E is  the  boundary  error  Eb,  even  for  well-posed 
formulations. 

The  heuristic  nature  and  the  Inadequate  analytic  foundation  of  the 
present  error  estimate  can  be  remedied  by  more  case  studies  of  benchmark 
problems  by  careful  comparison  of  computed  results  with  carefully  executed 
experimental  data,  both  with  reasonable  error  bounds. 
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Computers,  computational  aerodynamics,  and  wind  tunnel  testing  can 
be  Integrated  in  direct  ways.  The  computer  controlled  wind  tunnel  can 
serve  as  a large  analog  computer  to  provide  and  to  help  identify  the 
correct  boundary  conditions  in  the  computational  solution  of  the  same 
problem.  If  the  wind  tunnel  data  should  be  different  from  the  computed 
results  by  more  than  can  be  explained  by  the  discretization  error,  Ed, 
of  the  computation  and  the  measurement  errors  of  the  test,  the  flow 
quality  of  the  wind  tunnel  must  be  improved.  When  this  is  done, 
conditions  of  the  flow  field  will  be  altered  along  with  the  test  data. 

The  computation  of  the  flow  field  can  be  performed  (on  line,  if  possible) 
in  an  iterative  fashion  with  adjustments  of  the  tunnel  flow  to  improve 
the  overall  simulation.  The  wind  tunnel  as  an  analog  device  helps  to 
eliminate  the  largest  uncertainties  in  the  computational  solution,  l.e., 
the  formulation  of  the  flow  conditions  on  the  computation  boundary. 

Both  tools  are  able  in  a highly  complementary  way  to  establish  the 
credibility  of  test  and  computed  results.  From  such  results,  extra- 
polation to  flight  conditions  can  be  much  more  confidently  accomplished. 
The  potential  benefit  in  terms  of  time  and  cost  in  the  flight  test  stage 
of  the  development  of  a large  aeronautical  system  is  much  larger  than 
the  effort  to  be  spent  in  Increasing  our  confidence  of  extrapolation. 

The  cost  of  even  the  largest  computer  needed  is  much  less  than  the  wind 
tunnels  under  consideration.  Investigation  into  the  feasibility  of 
such  an  Integrated  wind  tunnel/computer  facility  seems  to  warrant  serious 
consideration. 

In  view  of  the  above  discussion,  the  following  suggestions  are 
offered: 

I.  In  thz  aomputoutionat  AoZvution  dyncmtc^  pfiobZm6: 

1.  Thz  ^oAmuZation  ■6kou£d  6citl6^y  the  tnteg^icuted 

aon^e/Lvation  lam  ion,  anbttnxviy  eomblYiattonA  oi  cLUcnetized 
oolutneA  thnoughoat  the  iteJLd  oi  computation  to  the  defined 
oaden,  oi  accuracy  [not  menety  the  local  tnuncation  2AM,onA>) . 
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2.  An  QJOtoK  anatyA^  ^kouZd  accompany  each  computationcoi  4o£atcon 
utlth  tkc  &cni,Ajtbjlty  and  Influence  the  a/thtPia/iy  poAomete/u 
tnheAcnt  tn  the  dUcAetized  ^oAmutatton  documented,  both  tn 
the  tnteAtoA  and  on  the  boundoAy.  An  ab^oUxte  eAAOA  bound  o^ 
key  Ae6alt(>  &houtd  be  made,  talth  bAeakdom  oi  the  6ouAce&  o^ 
2AA0AI)  ti  at  alt  po^Atble,  and  at  tea&t  the  mo6t  tmpoAtant 
onei  tdeyvtl^ted. 

3.  Analyst!)  oi  the  dl&cAetized  ^oAnutation6  and  tkelA  6otntloni> 
oi  meaningful  models  of  NavieA-Stoke^  equations  should  be 
encouAaged  to  eAtabltsh  simple  and  noAAoiv  uppeA  bounds  of  the 
voAious  eJihjQA  souAces.  The  most  important  one  is  the 
accumulated  dlscAetization  caaoa  foA  cooAse  mesh  computations 
ivhen  the  mesh  Reynolds  numbeA  Is  loAge. 

4.  Analysis  of  the  dlscAetlzed  foAmulatlons  of  the  MavloA-Stokes 
equations  aiith  and  mthout  tuAbulent  modeling  tAanspoAt 
equations  undeA  nontAlvlal  boundoAy  conditions  should  be 
encouAaged,  especially  in  connection  with  the  techniques  of 
AendeAlng  a pooAly  posed  pAoblm  "well  posed"  foA  computational 
puApos  es . 

5.  Vevelopment  of  algoAithms  and  logic  foA  the  solution  of  Initial 
boundoAy  value  pAoblems  of  NavleA- Stokes  equations  poAticuloAly 
suited  to  take  advantage  of  poAollel  computers  should  be 
encouAaged. 

On  the  IntegAotlon  of  Computational  fluid  Vyanmlcs  with  Wind  Tunnel 

T esting : 

1.  CoAefully  executed  computational  Aesults  with  enAOA  bounds 
should  be  checked  with  similoAty  Aetiable  wind  tunnel  data, 
pAefeAably  Including  some  impoAtant  local  flow  vantables  AotheA 
than  only  global  pAopeAtles  foA  a selected  set  of  benchmoAk 
pAoblems. 

2.  Quality  and  Aellability  of  the  wind  tunnel  test  data  should  be 
improved,  possibly  with  the  help  of  computeA  contAol,  In 
AeseoAch  wind  tunnels  poAtlculoAly  suitable  foA  coAAying  out 
the  Specific  benchmoAk  tests. 


3.  T/ie  ioxulbUUty  oi  an  ontinz  Intctyhatod  Mind  tunmi-computeA 
facility  should  be  studied  a&  an  analog- digiXat  device,  that  can 
veAy  significantly  IncAeasc  the  AeJUablllty  of  the  cxtAapolboutlon 
process  In  the  development  of  loAge  aeAonautlcal  systems. 

III.  On  the  SupeA  ComputeAS 

1,  SupeA  computers  foa  solving  complex  fluid  dynamics  problems 
should  possess  balanced  speeds  foA  scaloA  and  vectoA  pAocesslng 
AotheA  than  having  oAdeAS  of  magnitude  dlffeAence  In  the  two 
modes  of  opeAatlon, 
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APPENDIX  I MATHEMATICAL  PROBLEM  AREAS 


The  most  immediate  matter  of  practical  concern  encountered  when  an 
attempt  to  computationally  generate  an  approximate  solution  for  a given 
fluid  flow  problem  is  Initiated  is  that  of  achieving  stability  of  the 
numerical  calculation.  The  work  of  von  Neumann  (Ref.  3.207)  and  others 
provides  the  required  Insights  in  certain  special  cases,  but,  for  the 
most  part,  these  results  are  not  directly  applicable  to  problems  of 
significant  difficulty  since  they  are  usually  derived  for  linear  systems 
of  equations.  Unfortunately,  the  nonlinear  terms  of  the  Navier-Stokes 
equations  are  often  not  negligible  in  the  problems  of  fluid  dynamics, 
and  (far  worse,  as  a practical  problem)  the  computational  problems  are 
often  ill-posed,  with  the  result  that  unstable  calculations  will  often 
result  during  the  initial  attempts  to  generate  a computer  solution  for 
a given  problem  (well-posedness  of  the  differential  problem  need  not 
result  in  a well-posed  difference  problem) ; the  numerical  algorithm 
being  employed  in  such  a case  must  then  be  altered  in  some  fashion  or 
another  in  order  to  render  the  calculation  stable.  In  the  attempt  to 
do  this  there  are  two  possibilities: 

a)  Alter  the  method  of  discretizing  the  differential  equations 

b)  Alter  the  implementation  of  the  boundary  conditions. 

The  usual  approach  to  the  resolution  of  the  computational  instability 
lies  in  performing  slight  alterations  of  the  boundary  condition  implemen- 
tation. Due  to  the  fact  that  these  calculations  tend  to  be  highly 
sensitive  to  the  boundary  conditions  (Ref.  3.198)  it  is  usually  possible 
to  obtain  a stable  computation  by  (rather  small)  alterations  of  the 
boundary  treatment.  It  is  possible,  however,  that  the  resulting  "perturbed" 
calculation  will  not  be  consistent  with  the  problem  originally  posed. 

The  details  of  these  matters  are  very  incompletely  understood;  a much 
deeper  understanding  of  the  mechanisms  Involved  is  essential  for  progress 
in  this  context  to  accelerate,  and  it  is  recommended  that  such  work  be 
encouraged . 

There  seems  to  have  been  a rather  general  neglect  of  Ill-posed 
problems  among  mathematicians  in  the  past;  it  may  be  that  this  was  due 
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to  a general  feeling  that  these  problems  were  inherently  completely 
intractable.  However,  increased  consideration  has  more  recently  been 
given  to  the  details  of  ill-posedness  perhaps  because  of  the  general 
growth  of  computational  fluid  dynamic  knowledge  and  success  and  the 
subsequent  realization  that  the  ill-posedness  of  these  problems  is 
probably  not  due  to  a lack  of  understanding  of  the  basic  physics  of  the 
processes  involved  but.  Instead,  is  a consequence  of  the  physical 
phenomena  per  se.  At  the  practical  level,  the  most  crucial  matter  is 
to  more  fully  understand  the  consequences  of  ill-posedness  (or  conditional 
ill-posedness,  etc.)  in  actual  computations — that  is,  in  the  solution  of 
the  discretization  of  the  differential  problem.  Most  of  the  work  done 
in  the  study  of  ill-posed  problems  to  date  seems  to  have  been  devoted  to 
the  differential  problems;  the  consideration  of  the  numerical  analysis 
aspects  is,  understandably,  a more  recent  concern.  Some  results 
concerning  the  latter  problems  have  begun  appearing;  however,  it  is 
recommended  that  the  continuation  and  extension  of  such  investigations 
be  supported.  In  particular,  one  would  hope  that  such  work  might 
eventually  make  it  possible  to  more  fully  distinguish  between  numerical 
instability  of  a fluid  dynamics  calculation  and  physical  Instability 
of  the  flow  itself. 

Energy  methods  are  potentially  extremely  powerful  in  that  they 
consider  the  stability  of  the  entire  computational  problem  (l.e.,  the 
interior  and  the  boundary  considerations  are  simultaneously  addressed) . 
This  is  especially  important  since,  as  mentioned  before,  the  boundary 
conditions  often  have  an  overriding  effect  on  the  stability  of  the 
algorithm.  Unfortunately,  energy  methods  Involve  very  complicated 
implementation,  even  for  extremely  simple  problems;  for  problems  of  any 
complexity  it  is  often  impossible  to  successfully  determine  the  problems 
stability  via  this  approach  (Ref.  3.223).  Furthermore,  the  energy  methods 
yield  criteria  sufficient  merely  for  stability;  these  criteria  are  likely 
to  be  very  conservative  (and  far  from  necessary) . The  information 
obtained  from  energy  methods  also  yields  very  little  understanding  of 
how  much  liberty  may  be  taken  with  the  boundary  conditions  (Ref.  3.45). 
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For  the  present,  the  extrapolation  of  the  linear  stability  theory  to 
nonlinear  problems  via  the  analysis  of  the  local  linearizations  remains  the 
most  practical  general  approach  to  determining  stability  criteria.  The 
fundamental  difficulty  here  is  that  such  an  analysis,  apart  from  being 
nonrigorous,  does  not  account  for  the  boundary  condition  treatment  at  all, 
and,  of  course,  these  considerations  are  often  the  more  critical  ones 
(Ref.  3.45).  Much  remains  to  be  learned  concerning  the  prediction  of  the 
effect  of  the  boundary  condition  specification  on  stability;  practical 
guidelines  (not  necessarily  rigorous  ones)  are  badly  needed  to  complement 
the  existing  analysis  which  is  presently  possible  using  the  local  linearization 
approach  at  points  in  the  Interior  of  the  domain.  It  is  recommended  that 
such  research  be  encouraged  and  supported. 

Convergence  The  Lax  Equivalence  Theorem  gives  an  elegant  and  rather 
practical  criterion  for  convergence  of  a finite-difference  discretization 
of  a partial  differential  equation  system,  but  it  is  applicable  only  to 
linear  systems.  For  the  (usually)  nonlinear  problems  of  advanced  fluid 
dynamics  there  is  a lack  of  any  generally  effective  criterion  for  the 
convergence  of  numerical  methods;  of  course,  one  can  always  apply  the 
criterion  derived  for  linear  problems  in  hopes  that  such  an  extrapolation 
may  be  somewhat  valid,  but  this  is  not  a completely  satisfactory  solution. 
Furthermore,  a convergent  process  can  well  be  so  slowly  convergent  as  to 
be  of  nothing  more  than  purely  theoretical  interest;  thus  information 
concerning  the  rate  of  convergence  of  a numerical  procedure  for  a fluid 
flow  problem  is  also  crucial  (but  usually  not  available  with  the  present 
state  of  the  art) . 

Energy  methods  do  allow  a rigorous  analysis  of  convergence  (a 
successful  stability  calculation  with  an  energy  method  yields  easy 
corollaries  concerning  convergence,  uniqueness,  etc.  (Ref.  3.45)),  but, 
as  mentioned  above,  the  details  of  energy  method  calculations  are  so 
difficult  that  complicated  problems  can  rarely  be  analyzed  by  these  techniques. 

Parabolic  Equations  Since  there  does  not  appear  to  be  any  generally 
effective  method  for  convergence  analysis,  it  is  necessary  to  concentrate 
on  developing  methods  for  limited  classes  of  problems;  such  work  should 
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be  encouraged.  The  situation  described  in  Section  3.2  for  diffusion 
equations  with  constant  diffusivity  is  less  optimistic  when  convective 
terms  become  involved;  the  presence  of  this  first-order  term  may  change 
in  some  obscure  manner  the  considerations  which  were  appropriate  for  the 
constant  diffusivity  case.  Furthermore,  the  methods  used  for  a single 
(scalar)  parabolic  equation  do  not  generalize  to  allow  treatment  of 
systems  of  simultaneous  parabolic  equations,  and,  in  such  problems,  there 
are  often  difficulties  in  preventing  the  accumulation  of  errors  due  to 
truncation  and  boundary  data  inaccuracy  (Ref.  3.45). 

Hyperbolic  Problems  Where  solutions  are  involved  which  are  discon- 
tinuous because  of  the  presence  of  shock  waves,  there  is  often  difficulty 
either  with  the  practical  aspects  of  the  methods  for  dealing  with  the 
shock  or  with  the  quality  of  the  solution  obtained,  especially  for  non- 
uniform  flow  fields  or  complex  shock  shapes.  Shock  fitting,  even  for  a 
known  shock  propagating  into  a uniform  flow  field,  becomes  very  difficult 
to  manage  in  multidimensional  flow  problems  (Ref.  3.223).  As  mentioned 
previously,  the  artificial  viscosity  methods  are  more  adaptable  to  the 
higher  dimensional  situations,  but  in  order  to  suppress  the  occurrence 
of  unreasonable  oscillations  in  the  solutions  obtained,  it  is  usually 
necessary  to  use  values  of  artificial  viscosity  which  are  huge  in 
comparison . to  realistic  values  for  the  viscosity  of  the  fluid  itself 
(Ref.  3.45).  This  may  cause  a rather  large  spread  in  the  width  of  the 
computed  shock  transition  region  and  greatly  affect  the  details  of  the 
computed  flow  field.  The  result  of  the  calculation  of  a shock’s  propagation 
in  a one-dimensional  problem  by  the  Lax-Wendroff  method  is  apt  to  display 
considerable  oscillation  at  the  shock  location  (Ref.  3.223);  multidimensional 
solutions  of  such  problems  using  this  method  are  often  difficult  to  achieve 
because  of  uncertainty  of  the  stability  aspects  of  the  calculation. 

Artificial  viscosity  terms  are  frequently  added  to  the  equations  in  an 
attempt  to  prevent  the  occurence  of  nonlinear  instability  phenomena;  the 
basic  causes  at  work  in  such  situations  are  very  incompletely  understood. 

The  most  fundamental  problem  concerning  the  solution  of  hyperbolic 
equations,  however,  is  the  lack  of  any  generally  effective  method  for 
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predicting  the  location  and  shape  of  shocks  which  develop  during  the  flow 
(and  thus  are  not  known  shocks,  as  were  those  discussed  above)  (Ref.  3.45). 
Several  approaches  to  the  prediction  of  shocks  are  presently  in  use,  but 
these  typically  involve  heavy  interaction  between  the  calculation  as 
it  proceeds  and  a very  practiced  human  observer  whose  experience  and 
judgement  in  "tweaking"  certain  aspects  of  the  computer  program  are  all- 
important;  the  overall  flavor  of  the  predictions  of  shocks  that  result 
is  that  of  art,  rather  than  science.  Much  remains  to  be  done  before 
shocked  flows  can  be  routinely  predicted  xjith  confidence  and  detailed 
accuracy.  ThoAd  oAd  dxtA.meJty  mpofvtjOLYit  pn.obt(m!i,  and  Xt  ^ ds^dntial 
that  baiitc  h.2MQjvx.ck  {tn  addttion  to  computattonat  e.xpe/umdnt6)  tn  tkU 
ajtoa  be.  .supported. 
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4.0  COMPUTER  SYSTMS  AND  AERODYNAMICS 


4.1  Computer  Systems  Panel  Perspective 

The  computer  systems  panel  has  viewed  itself  as  a service  organization, 
addressing  the  needs  of  both  the  experimentalist  and  the  computational 
fluid  dynamlcist . Through  the  years,  the  computer  needs  of  these 
specialists  have  been  evolving  even  as  the  ability  of  the  computers  to 
assist  them  was  changing.  There  seem  to  be  three  natural  time  divisions 
in  computer  development:  the  pre-computer  era,  before  1950,  the  early 
computer  era,  1950-1965,  and  the  modern  era,  1965  to  the  present.  Figure 

4.1  shows  the  advances  made  in  computational  speed  over  the  years. 

4.1.1  Historical  Overview 

In  the  era  before  the  advent  of  the  electronic  digital  computer  (that 
is,  before  the  early  1950*s),  the  two  branches  of  aerodynamics  were 
virtually  Independent.  Beginning  with  the  Wright  brothers,  the  wind 
tunnel  was  used  to  help  in  aircraft  design.  From  that  time,  both  wind 
tunnels  and  airplanes  grew  in  size  and  complexity,  given  a healthy  push 
by  World  War  II. 

Computational  fluid  dynamics,  on  the  other  hand,  was  much  more  of 
a theoretical  discipline,  having  little  impact  on  the  production  of  air- 
craft. Almost  immediately,  it  was  discovered  that  numerical  methods 
were  needed  to  solve  the  problems  in  this  field,  and  larger  and  larger 
amounts  of  arithmetic  were  needed  to  approximate  a solution.  Even  with 
the  boundary-layer  assumption,  the  problems  were  long  and  tedious. 

During  the  period  of  the  1950 's  to  the  middle  1960's,  the  early 
computer  era,  many  significant  advances  in  aerodynamics  and  related  areas 
were  made.  In  the  computer  field  itself,  technology  was  exploding.  The 
vacuum  tube  gave  way  to  the  transistor  and  solid  state  circuitry.  This 
meant  great  reductions  in  size  and  power  requirements,  allowing  the  develop- 
ment of  faster  computers  with  larger  memories. 

Integrated  circuits  were  on  the  horizon  and  promising  even  faster 
speeds  and  even  larger  memories . The  development  of  Fortran  and  other 
high-level  languages  made  the  computer  usable  to  the  scientific  community. 
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Fig.  4 


1 Computer  Speed  Trends 
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Now  one  did  not  have  to  study  the  computer  for  years  to  be  able  to  use  it. 
The  computer  become  ubiquitous  as  academies  and  industry  embraced  this  tool. 
The  question  changed  from,  "Is  a computer  available?"  to  "What  computer 
is  available?" 

The  computational  aerodynaraicist  quickly  began  to  use  this  powerful 
tool.  A new  era  seemed  to  be  arriving  as  he  could  now  solve  his  problems 
in  days  or  hours  instead  of  weeks  or  months,  and  he  could  now  be  a part 
of  the  design  process.  However,  this  science  and  this  tool  were  both  new, 
and  the  inevitable  setbacks  began.  As  is  frequently  the  case,  in  the  rush 
to  solve  problems  a number  of  critical  assumptions  were  made,  not  all  of 
which  were  justified.  Moreover,  as  aircraft  speed  regimes  widen,  some 
previously  justifiable  assumptions  were  no  longer  valid. 

As  a result  of  computational  difficulties,  wind  tunnels  remained 
almost  totally  dominant  in  the  field.  Their  use  and  growth  continued. 

As  aircraft  manufacturers  needed  better  data  they  pushed  the  wind  tunnels 
for  more  accuracy  and  more  data.  As  the  amount  of  design  data  from  the 
wind  tunnels  increased,  it  was  only  natural  that  the  computer  should  be 
used  to  collect  and  store  it. 

Since  the  middle  1960 's  computers  have  continued  to  Improve.  Discrete 
logic  has  given  way  to  Integrated  circuits;  however,  there  is  some  belief 
that  standard  computer  technology  is  pushing  against  some  inherent 
limitations,  such  as  the  speed  of  light.  Most  of  the  recent  progress, 
however,  has  come  not  from  technological  advances,  but  from  architectural 
innovations.  If  a job  can  be  divided  equally  between  five  different 
machines,  then  that  configuration  should  do  the  job  five  times  faster 
than  one  machine.  For  example,  if  at  one  point  five  multiplications  are 
required,  one  could  give  each  machine  one  of  the  multiplications.  This 
method  could  be  used  with  ten  machines  to  get  ten  times  the  speed;  unfortu- 
nately, it  is  rarely  that  simple.  This  process  of  paralleling  or  vectorizing 
problems  is  nontrivial.  How  does  the  machine  know  when  five  different 
multiplications  can  be  done  at  once?  Moreover,  there  are  times  when  the 
operations  must  be  done  serially  (that  is,  one  at  a time). 
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Two  other  problems  present  themselves.  First,  a high-level  language 
is  needed  which  can  be  used  efficiently  with  these  machines  and  also  by 
the  FORTRAN  user.  Much  remains  to  be  done  in  this  area.  Second  is  the 
problem  of  component  failure.  As  complex  as  these  machines  are,  a way 
must  be  found  to  reduce  the  Impact  of  inevitable  part  failures. 

In  this  period,  computational  fluid  dynamics  has  made  steady  progress. 
Codes  have  been  developed  for  Invlscid  flow  both  in  two-dimensions  and 
to  a large  extent  in  three-dimensions  which  seem  to  be  quite  functional. 

The  codes  are  finding  their  way  into  the  design  process  and  are  fairly 
well  accepted.  Other  than  the  boundary  layer,  viscous  flow  remains  a 
serious  problem.  Many  experts  believe  that  separated  and  turbulent  flow 
problems  cannot  be  handled  on  present-day  computers,  and  some  now  call 
for  a machine  to  handle  the  time-averaged  Navler-Stokes  equations. 

Wind  tunnels  decreased  in  number  during  this  period  as  their  cost 
of  operation  mounted  rapidly.  In  those  tunnels  remaining,  however,  computers 
are  being  used  to  increase  productivity.  They  are  used  both  for  data 
gathering  and  management  systems  and  for  control  purposes.  Some  comparison 
of  the  data  produced  with  the  data  expected  is  being  done  and  used  to 
make  test  decisions.  By  and  large,  however,  the  use  of  computers  with 
wind  tunnels  is  Just  beginning. 

The  Computer  Systems  Panel  feels  that  computers,  wind  tunnels,  and 
computational  aerodynamics  relate  as  shown  in  the  diagram.  The  hope  is 
to  use  the  computer  to  make  the  interface  indicated  by  the  dotted  line 
a more  substantial  link. 
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4.1.2  Investigation  of  the  Problems 

This  panel  started  with  several  broad  objectives.  The  first  was 
to  determine  the  current  status  of  both  the  experimental  and  the  compu- 
tational aerodynamic  methods,  as  well  as  the  status  of  computer  systems. 

The  panel  would  then  identify  areas  for  computer-aided  improvements  and 
recommend  directions  for  research  and  development. 

The  methocjs  used  to  pursue  these  objectives  were  varied.  Specialists 
in  the  appropriate  fields  were  brought  in  to  give  lectures  to  the  entire 
study  group.  These  included  experimentalists,  computational  aerodynamicists , 
numerical  analysts,  and  computer  scientists.  Their  backgrounds  and 
affiliations  varied;  i.e.,  Arnold  Engineering  Development  Center,  other 
government  installations,  academia,  and  private  industry.  The  computer 
systems  area  included  representatives  of  major  computer  companies,  Including 
IBM,  CDC,  CRAY,  and  others,  as  well  as  computer  specialists  from  the 
University  of  Illinois  at  Urbana,  the  Institute  for  Advanced  Computation 
at  NASA/ Ames,  and  others.  The  proposal  for  a computational  aerodynamics 
computer  at  NASA/ Ames  was  presented  by  representatives  of  that  facility 
as  well  as  by  the  contractors  for  the  preliminary  stage.  All  speakers 
met  with  individual  panels  for  more  detailed  talks  and  question  and 
answer  sessions . 

The  panel  made  use  of  its  proximity  to  the  test  facilities  at 
Arnold  Center,  making  several  trips  there  for  observation. 

During  all  of  these  activities,  a literature  search  was  under  way 
by  the  panel.  This  included  computerized  key  worl^  searches  conducted 
through  the  facilities  of  both  NASA  and  Georgia  Tech,  as  well  as  a more 
traditional  search  of  periodicals  and  books.  This  search  was  expanded 
to  include  use  of  the  facilities  at  the  Redstone  Scientific  Information 
Center  in  Huntsville,  Alabama. 

Similar  activities  were  undertaken  by  both  other  panels,  each  con- 
centrating on  their  respective  areas,  and  intra-panel  discussion  proved 
very  helpful.  All  this  information  was  shared  by  the  four  computer  panel 
members,  and  a constant  interchange  of  ideas  among  the  panel  sharpened 
these  concepts.  The  panel  began  the  study  with  diverse  backgrounds, 

but  there  developed  a large  common  area  for  discussion,  ideas,  and 
conclusions . 
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4.2  COMPUTERS  AND  EXPERIMENTAL  AERODYNAMICS 


4.2.1  Collection,  Reduction,  and  Display  of  Wind  Tunnel  Data 

It  is  not  unrealistic  to  view  the  wind  tunnel  as  a generator  of 
aerodynamic  data.  This  viewpoint  serves  to  accentuate  the  data  system 
concepts  associated  with  the  acquisition  and  processing  of  wind  tunnel 
data.  The  paragraphs  which  follow  will  discuss  the  role  of  computers 
and  associated  data  handling  systems  within  the  wind  tunnel  environment. 
Areas  will  be  discussed  where  improvements  can  be  made  and  the  conclusions 
and  recommendations  of  the  Computer  System  Panel  will  be  noted. 

4. 2. 1.1  Wind  Tunnel  Data  Systems 

An  operating  wind  tunnel  is  capable  of  generating  large  quantities 
of  raw  data  in  a very  short  period  of  time.  Figure  4.2  illustrates  the 
various  sources  of  data  and  the  types  of  data  associated  with  a wind 
tunnel  facility  and  also  indicates  data  management  functions  which  must 
be  accomplished  during  tunnel  operation.  The  data  types  and  computer 
functions  indicated  by  the  figure  will  vary  depending  upon  the  particular 
wind  tunnel  being  examined.  A highly  Instrumented  tunnel  will  include 
all  of  the  features  listed;  and,  as  a rule,  when  more  sophistication  is 
built  into  a facility,  the  data  rates  associated  with  their  operation 
become  greater.  For  example,  data  systems  required  to  support  adaptive 
wall  features  or  laser  velocimeter  systems  must  be  quite  powerful. 

An  inefficient  data  acquisition/processing  system  generally  requires 
longer- than-necessary  tunnel  testing.  Recent  cost  trends  of  computer 
systems  capable  of  supporting  wind  tunnel  data  systems  (a  cost  which  is 
steadily  decreasing) , and  electric  energy  required  for  tunnel  operation 
(a  cost  which  is  dramatically  increasing) , have  combined  to  generate  a 
strong  economic  Inducement  to  Increase  wind  tunnel  efficiency  through  the 
incorporation  of  advanced  data  acquisition/processing  systems  into  wind 
tunnels  (Ref.  4.70). 

The  use  of  computer-based  systems  in  the  wind  tunnel  environment 
has  produced  beneficial  effects  above  and  beyond  the  reduction  of  cost 
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FIG.  4.2  Wind  Tunnel  and  Computer  System  Functions 
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per  data  point.  Such  a system  can  enhance  the  overall  operation  of  the 
wind  tunnel.  The  on-line  display  of  test  data  in  engineering  units  quickly 
informs  the  operator  of  test  status,  and  if  appropriate  controls  exist, 
allows  for  rapid  adjustment  of  tunnel  conditions  when  required.  Cali- 
bration procedures  are  enhanced  by  the  use  of  computer-aided  systems. 

These  systems  can  also  facilitate  automatic  out-of-tolerance  alarms  and 
safety  shutdown  capability  (Ref.  4.117).  Graphic  display  systems  can 
present  data  in  a visual  format  which  is  easily  understood  and  produce 
hard  copy  output  for  permanent  documentation.  The  development  of  more 
sophisticated  graphics  systems.  Including  interactive  features  when 
appropriate,  is  an  area  where  significant  progress  could  be  achieved  in 
wind  tunnel  testing  facilities. 

4. 2. 1.2  Assessment  of  Data  Systems  for  Wind  Tunnels 

A number  of  automated  data  systems  have  been  integrated  into  wind 
tunnel  facilities.  Perhaps  the  most  noticeable  feature  of  this  group 
of  systems  is  the  variety  of  schemes  used.  An  economical  system  utilized 
at  the  Unsteady  Aerodynamics  Laboratory  of  the  National  Aeronautical 
Establishment  (Canada)  utilizes  a programmable  calculator  to  perform  offline 
processing  of  data.  The  data  are  collected  by  a special  purpose  acquisition 
system  during  the  test;  they  are  then  processed  during  the  pumping  period 
required  by  this  blowdown  tunnel  (Ref.  4.72).  The  other  end  of  the  spectrum 
includes  a distributed  processing  system  which  is  comprised  of  a network 
of  minicomputers.  Each  computer  is  dedicated  to  the  acquisition,  preliminary 
processing,  and  display  of  data  associated  with  a particular  tunnel  sub- 
system, (e.g.,  six-component  balance,  pressure  measurement  system,  etc.).' 

The  action  of  these  front-end  processors  can  be  directed  and  coordinated 
by  a supervisory  computer.  These  systems  possess  the  capability  of  executing 
fully  automatic  tests  directed  entirely  by  the  supervisory  computer 
(Refs.  4.73  and  4.123). 

A centralized  system,  based  on  a single  central  computer  has  been 
incorporated  into  the  four-foot  transonic  tunnel  at  the  Arnold  Engineering 
Development  Center.  This  system  monitors  and  displays  tunnel  status  and 
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will  also  allots  for  automatic  control  of  tests.  It  has  been  estimated 
that  the  computer-driven  displays  in  this  system  have  increased  the  tunnel 
productivity  by  7 to  10  percent  (Ref.  4.70).  Boeing  Aerospace  Company 
has  developed  a modular,  standardized  data  and  control  system  concept  which 
allows  a number  of  specialized  systems  to  be  derived  from  one  fully  con- 
figured. hypothetical  system.  This  approach  promises  considerable  cost 
savings  through  the  use  of  standardization  techniques  (Ref.  4.117). 

A wide  variety  of  techniques  are  currently  being  used  to  accomplish 
the  data  management  functions  in  support  of  wind  tunnel  facilities.  The 
more  sophisticated  applications  involve  on-line  data  reduction  and  display 
using  CRT  terminals.  The  desirability  of  advanced  data  handling  capabilities 
is  well  recognized  by  the  experimental  community  and  the  impetus  to  make 
greater  strides  tov/ard  optimum  use  of  data  management  techniques  will 
probably  be  provided  by  economic  pressures. 

4. 2. 1.3  Improved  Wind  Tunnel  Data  Systems 

An  overview  of  current  practice  in  wind  tunnel  data  systems  indicates 
that  computers  have  had  significant  beneficial  impact  in  many  areas. 
Furthermore,  existing  digital  systems  technology  is  capable  of  meeting 
demands  made  by  highly  sophisticated  data  management  systems  which  support 
wind  tunnel  testing.  With  very  few  exceptions,  data  system  requirements 
established  for  wind  tunnel  facilities  can  be  met  by  off-the-shelf  equip- 
ment which  is  both  proven  and  reliable.  Indeed,  many  tunnel  facilities 
are  making  innovations  in  this  area  and  usually  lack  only  the  monetary 
means  to  accomplish  further  advancements.  The  following  paragraphs  will 
discuss  the  principal  areas  of  data  systems  technology  as  they  relate  to 
wind  tunnel  applications.  Figure  4.3  shows  a general  computer  system 
configuration  and  the  discussion  will  reference  the  different  subsystems 
indicated. 

The  use  of  distributed  minicomputers  to  perform  pre-processing 
functions  is  already  being  exploited.  A minicomputer  which  is  dedicated 
in  a local  manner  and  which  can  perform  certain  mundane  processing  functions 
can  relieve  the  central  computer  of  overly  complex  software  and  processing 
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Fig.  4.3  General  Computer  Support  System 
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requirements.  Functions  such  as  data  verification,  data  reduction,  data 
conversion  and  formatting,  generation  of  control  commands,  etc.,  are 
likely  data  management  tasks  which  could  be  handled  by  a local  processor. 

Microprocessors  should  yield  another  useful  level  to  the  distributed 
processing  hierarchy  which  Is  rapidly  developing  In  process  control  areas. 
Microcomputer  systems  could  be  applied  In  a dedicated  fashion  In  support 
of  Individual  wind  tunnel  Instruments.  Individual  microprocessor  elements 
could  probably  find  useful  applications  within  specialized  wind  tunnel 
measurement  devices.  Because  of  the  flexibility  Inherent  In  the  micro- 
processing concept,  certain  Instruments  which  previously  could  perform 
only  a very  narrow  range  of  functions  may  be  applied  to  a wider  range  of 
applications.  The  possibility  of  the  development  of  "smart"  Instruments 
could  prove  very  cost-effective. 

The  application  of  interactive  terminals  within  wind  tunnel  data 
systems  offers  tremendous  potential  for  more  productive  testing  models. 

The  section  which  follows,  4.2.2,  will  discuss  computer  control  of  wind 
tunnels,  and  the  interactive  terminal  is  an  important  component  of  the 
control  system.  In  addition,  the  graphics  terminal  offers  great  benefits 
In  on-line,  real-time  monitoring  of  test  results.  Technology  breakthroughs 
in  recent  years  have  made  "smart"  terminals  available,  as  well  as  intro- 
duced floppy  disks  for  local  storage,  color  CRT's,  and  very  sophisticated 
graphics  software  and  hardware  features.  These  features  can  be  extremely 
useful  in  an  off-line  mode  to  enhance  data  analysis  techniques.  The 
development  of  custom  graphics  software  could  be  very  beneficial. 

The  communications  processor  shown  in  Figure  4.3  would  relieve  the 
central  computer  of  the  many  communications  tasks  which  are  required  in 
a system  having  a large  number  of  distributed  elements.  Depending  upon 
the  magnitude  of  the  communications  processing  task,  a minicomputer  or 
medium-scale  computer  might  be  used.  Because  of  the  tremendous  popularity 
of  terminal  Installations,  there  are  many  very  efficient  processors 
available  from  various  manufacturers. 

The  mass  storage  or  backing  store  indicated  in  the  figure  represents 
a reasonably  fast  storage  medium  to  be  used  when  large  amounts  of  data 
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must  be  accessed  at  a rate  which  does  not  seriously  degrade  processing 
speed.  The  present  most  popular  technology  is  disk  storage;  however,  a 
breakthrough  in  charge- coupled  devices  (CCD's)  on  magnetic  bubble  memories 
could  change  this  situation  to  provide  significant  improvements  in  speed 
and  size  for  this  type  of  memory. 

The  auxiliary  storage  generally  used  for  most  current  applications 
is  magnetic  tape.  This  technology  is  not'  likely  to  change  in  the  near 
future,  or  next  five  years.  The  use  of  magnetic  tape  for  purposes  of 
archival  storage  is  adequate  in  most  cases;  however,  the  volume  of  data 
which  is  sometimes  encountered  in  production  wind  tunnel  facilities  taxes 
even  tape  storage  capabilities. 

The  central  computer  acts  as  the  data  system  nerve  center  and  exercises 
overall  control  of  processing  functions.  This  computer  must  be  selected 
carefully  so  as  to  meet  all  data  system  requirements  and  remain  adaptable 
to  any  new  requirements  which  could  be  placed  on  it.  The  processing 
capability  required  of  this  computer  will  depend  on  the  particular  in- 
stallation, the  extent  of  distributed  processing  which  is  used,  and  the 
overall  data  system  organization. 

The,  appttcjcubion  c.omptJuteAlzzd  dcuta  managejmnt  ^y6tem4>  to  uxind  timneZ 
data  aaqat^ttlon/dtiplay/ adduction  tadkd  hoi  p^oduczd  tmp^e^.6tve  ae^atts, 
z>y&tem  axe.  beMig  dej>tgmd  and  tmptejmnte-d  thAough  the.  a(>e.  oi 
pxeA&ntly  avatTable.  digital  technology,  Wiyid  tunnel  data  iy&tem  do  not 
H.e.quifie  advancements  oi  the  ^tate-o ^-the-oAt  oi  digital  &yz>tem  technology. 

Some  ^tmpli^ied  computational  models  can  be  executed  in  a Aeal-time, 
inteAactive  mode  in  conjunction  with  a wind  simulation,  HoweveA,  advance- 
ments in  computer  technology  and  computational  models  axe  necessaxy  be^oxe 
testing  schemes  involving  moxe  complex  models  can  be  considered. 

The  nat/uial  evolution  o^  computer  systems  is  producing  many  new 
devices  and  techniques  ie,g,,  color  graphics  and  interactive  terminals ) 
which  {^uAther  enhance  data  processing  systems.  Considexing  the  demonstrated 
abilities  o£  relatively  inexpensive  computer  systems  to  increase  the 
productivity  and  ej^iiciency  oq  wind  tunnels,  the  investigation  and  appli- 
cation ol  advanced  digital  technology  should  be  strongly  encouraged. 
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4.2.2  Computer  Control  of  Wind  Tunnels 
4 . 2 . 2 . 1 Wind  Tunnel  Control  Systems 

The  necessity  for  replacement  of  manual  controls  with  automatic 
controls,  whenever  possible,  within  wind  tunnel  facilities  is  quite 
apparent.  The  advantages  gained  by  automatic  control  systems  in  the 
areas  of  operational  speed,  accuracy,  efficiency,  and  elimination  of  human 
factors  represent  significant  savings  in  time  and  money.  It  should  be 
noted  that  efficiency  is  intended  to  include  the  generation  of  meaningful 
data,  not  merely  the  gross  production  of  more  data. 

The  argument  which  can  be  made  for  the  implementation  of  computer 
control  systems  for  wind  tunnels  can  be  quite  convincing  in  terms  of  the 
operational  and  monetary  savings  to  be  gained.  However,  the  costs  of 
implementation  must  be  given  careful  consideration.  These  costs  can  take 
many  forms,  and  the  list  given  below  outlines  certain  possible  disadvantages 
inherent  in  automatic  control  schemes. 

1.  The  basic  dollar  cost  of  automatic  control  systems  is  quite 
high,  especially  when  relatively  fast  reponse  times  are  critical. 

2.  In  the  modification  of  an  existing  wind  tunnel,  the  cost  of 
the  control  system  implementation  can  be  a significant  fraction 
of  the  original  cost  of  the  entire  facility.  Such  modifications 
are  sometimes  extremely  difficult  to  justify,  despite  the 
advantages  which  can  be  attained. 

3.  There  is  a danger  in  excessive  automation  in  a wind  tunnel. 

That  is,  the  facility  becomes  so  complex  that  advantages  gained 
by  control  systems  are  outweighed  by  operational  and 
maintenance  problems . This  danger  is  especially  evident  in 
modifications  to  existing  wind  tunnels. 

4.  Another  danger  associated  with  excessive  automation  is  that 
the  users  of  a production  wind  tunnel  can  become  frustrated 
when  faced  with  an  overly  difficult  task  in  familarizing  them- 
selves with  the  wind  tunnel. 

5.  Control  system  reliability  must  be  very  high.  Savings  in 
efficiency  attributable  to  automatic  control  of  tunnel  operations 
can  easily  be  erased  when  tests  must  be  repeated  because  of 
equipment  malfunctions. 
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Looking  at  the  benefits  which  can  be  reaped  from  a nlore  extensive 
application  of  computer  control  to  wind  tunnel  facilities,  the  following 
list  is  somewhat  self-evident  but  worth  documenting; 

1.  Computer-based  control  features  offer  significant  cost  savings. 

The  savings  can  often  far  outweigh  the  cost  of  Implementation, 
especially  in  the  face  of  spiralling  energy  costs. 

2.  Automated  control  functions  offer  greater  precision  for  tunnel 
operations  and  also  the  opportunity  for  recording  pertinent 
tunnel  data  for  verification  purposes. 

3.  Automatic  control  of  wind  tunnel  functions  can  have  a number  of 
indirect  benefits;  for  instance,  operational  improvements  can 
result  when  manual  operation  can  be  eliminated,  or  certain 
safety  features  can  be  built  in  to  eliminate  possibility  of 
certain  operator  errors. 

4.  The  availability  of  automated  tunnel  controls,  especially  model 
control,  offer  the  test  engineer  the  opportunity  to  construct 
more  sophisticated  (or  more  efficient)  wind  tunnel  test  sequences. 

5 . Automated  control  functions  form  the  foundation  for  more  work  in 
the  development  of  interactive  test  sequences.  This  concept 
could  have  a profound  effect  on  the  efficiency  levels  which  can 
be  reached  by  wind  tunnel  test  facilities. 

The  potential  advantages  in  the  adoption  of  automatic  control 
functions  within  wind  tunnel  facilities  are  tremendous.  Care  must  be 
taken,  however,  to  see  that  control  functions  are  carefully  planned, 
control  hardware  is  highly  reliable,  and  control  systems  are  carefully 
documented  to  assist  users.  If  these  three  criteria  are  met,  the  question 
regarding  tunnel  control  automation  becomes  simply  a study  of  cost 
effectiveness.  The  automation  of  tunnel  control  functions  can  be  evaluated 
on  its  merits  relative  to  accuracy,  usefulness,  and  efficiency  versus 
dollar  costs. 

The.  mo6t  mpo/vtant  contAot  paMmeXeA^  ion.  wind  tunneZi  aAe.  thoie. 
which  d^icct  tunnct  cf^^^lclency  and  accuracy.  E^^lclenay  l&  cAlZlcat 
the  .standpoint  that  tunnel  expenses  [eneAgy,  opeAotlon,  and  maintenance] 
aae  Zlte'catty  putting  many  wend  tunnels  out  o{^  business.  The  accuracy 
pa/LometeA  becomes  moAe  and  moAe  ImpoAtant  as  the  expense  acquOUng 
data  points  gAow. 
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4. 2. 2. 2 Assessment  of  Computer  Control  Systems 

A number  of  very  successful  automation  schemes  have  been  built  into 
production  wind  tunnels  (for  example,  the  Tunnel  4T  Real-Time  Control 
and  Display  System  at  AEDC  described  in  Ref.  4.70).  Other  implementations 
are  being  planned,  such  as  the  control  functions  to  be  built  into  the 
National  Transonic  Facility  (NTF)  at  Langley  Research  Center  (Ref.  4.69). 
The  different  types  of  wind  tunnel  control  systems  x^hich  have  been  im- 
plemented by  individual  tunnel  facilities  are  shoxm  below. 


TUNNEL  CONTROLS 

Hydraulic  & Pneumatic  System 
Wall  Angle  Control 
Nozzle  Control 
Temperature  Control 
Flow-Field  Probing 
Scanlvalve  Control 
Vacuum  System 

Stagnation  Pressure  Control 
Plenum  Evacuation  System 
Variable  Wall  Porosity 
Ejector  Flaps  Control 
Atmospheric  Dryer  System 


MODEL  CONTROLS 

Programmed  Position  Control 
Adaptive  Scanlvalve  Control 
Vehicle  Trim  System 
Propellant  Supply  System 
Fuel  System 

Captive  Trajectory  System 
Captive  Aircraft  Departure  System 
Model  Support  System 


The  controls  listed  above  are  proven  systems  used  either  in  a 
research  or  a production  mode,  and  the  implementation  involves  the  type 
of  system  shovm  in  Fig.  4.4.  The  data  acquisition/control  computer 
performs  two  functions:  (1)  acquisition  and  storage  of  data  from 
various  transducers  and  associated  instrumentation,  including  A/D 
converters,  and  (2)  broadcast  of  the  appropriate  measured  and  reference 
data  for  subtraction  by  a comparator.  The  comparators  supply  error 
signals  to  associated  D/A  converters,  and  the  analog  error  signals 
act  as  Inputs  to  electro-mechanical  drive  systems. 

The  basic  control  system  described  above  is  a deceptively  simple 
concept.  In  practice,  a myriad  of  design  questions  must  be  properly 
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Fig.  4.4  Functional  Diagram  of  Automatic  Control 
System 
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answered  to  Insure  a system  with  superior  performance  levels.  The 
following  list  includes  the  more  important  design  questions,  and  these 
can  be  answered  only  in  terms  of  an  individual  wind  tunnel  facility: 

1.  What  degree  of  accuracy  is  possible  for  measured  parameters? 
Equivalently,  what  errors  are  introduced  by  the  transducer/ 
instrumentation/analog-to-digital  converter,  prior  to  input 
for  computer  processing? 

2.  What  is  the  nature  of  the  data  acquisition/control  computer (s)? 

It  is  necessary  to  know  their  speed  requirements,  memory  re- 
requirements, communication  requirements,  accuracy  requirements 
or  word  length,  processing  requirements,  and  display  require- 
ments. It  is  also  necessary  to  know  whether  these  requirements 
would  best  be  met  by  a centralized  or  a distributed  system. 

3.  How  well  does  the  data/control  computer  address  the  overall 
testing  requirements  for  the  facility  and  how  flexible  is  the 
computer  in  terms  of  additional,  unforeseen  control  requirements? 

4.  What  errors  are  introduced  by  the  comparator,  digital-to-analog 
converter,  and  drive  system  hardware? 

5.  What  minimum  response  times  are  required  from  the  overall 
feedback  control  system? 

Continued  improvements  in  wind  tunnel  flow  quality,  efficiency, 
and  operational  modes  which  can  be  realized  by  the  introduction  of 
automatic  control  systems  will  not  be  achieved  without  difficulties. 
Principally,  any  control  improvements  should  first  be  proven  in  a 
research  environment.  This  requires  an  investment  in  high  quality 
research  wind  tunnels,  where  justifications  are  most  difficult. 

Presently,  there  are  very  few  first-rate  research  wind  tunnel  installa- 
tions in  the  United  States,  and  many  of  these  are  dedicated  to  particular 
research  objectives  which  do  not  include  studies  in  control  system 
integration. 

If  the  alternative  approach  — "borrowing"  of  production  wind 
tunnel  time  for  investigation  of  tunnel  control — is  investigated,  an 
equally  difficult  set  of  problems  arises.  Production  wind  tunnels 
depend  upon  the  timely  delivery  of  design  data  to  users,  and  any 
encroachment  upon  resources  for  purposes  other  than  purely  operational 
ones  is  viewed  with  alarm.  This  mode  of  thought  tends  to  stagnate 
development  of  existing  wind  tunnels,  and  the  result  is  that  any 
improvements  through  modification  of  control  features  can  be  accomplished 
only  through  tremendous  perseverence. 
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Finally,  the  cost  difficulties  which  must  be  faced  also  limit  the 
implenffintation  of  tunnel  control  Improvements.  Even  for  proven  control 
techniques,  the  high  cost- — mostly  dollar  coats,  but  also  production 
time  costs — of  tunnel  modifications  tends  to  limit  progress.  For 
example,  it  is  typical  for  individual  compressor  units  for  large 
production  installations  to  coat  in  the  neighborhood  of  millions  of 
dollars.  This  sort  of  cost  can  be  borne  only  by  major  government 
programs;  research  activities  are  not  blessed  with  funding  of  this 
magnitude. 

ComputeA.  contAol  ^&cctuAQA  wqa^  not  MtdeZy  tutiLize-d  tn  the.  ejOAtceA 
u)tnd  tanneZs  becxiu&e  a lAak  .^ophtitlcatlon  tn  compateA/ cxmtAol 
engtmeAlng  at  the  tone  thoAe  tunnelA  weAe  planned.  Tunnel  modi^teatlon6 
to  tneoApoAote  eomputeA-eontAoll.ed  {^anettoni,  oAe  dll^^teult  to  Aeatize 
loA  two  Aea&on&i 

it]  the  expense  ts  high — a .stgnt^taant  lAaetZon  ol  the  ontgtnat 
east,  oA  .sometimes  moAe  than  the  ontgtnaJL  eo&t 

[it]  &ome  useAS  oAe  iMAtj  eentatn  modl{,teations  to  Mind  tunneZs 
because  o^  tkeiA  Aeliance  on  past  inteApAetations  oi  tunnel  data. 

4. 2. 2. 3 Improved  Tunnel  Control  Systems 

Improvements  in  wind  tunnel  test  methods  which  can  result  from 
more  extensive  use  of  computer-controlled  tunnel  automation  features 
would  change  some  basic  test  methods.  The  overall  wind  tunnel  test 
procedure  can  be  viewed  as  shown  belows 


TEST 

IBI 

TEST  1 

TEST 

ANALYZE 

CONCEPTION 



PLANNING  1 ^ 

EXECUTION 

RESULTS 

Under  present  modes  of  testing,  a large  proportion  of  the  effort 
is  expended  within  the  last  block,  analyzing  results.  The  addition 
of  improved  tunnel  control  features  would  change  the  above  diagram 
to  that  which  is  shown  in  Fig.  4.5.  In  this  figure,  the  planning 
and  test  execution  phases  are  much  more  sophisticated,  and  introduce 
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Fig.  4.5  Flow  Diagram  Showing  Interactive  Test  Sequence 
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possibilities  for  more  efficient  use  of  the  wind  tunnel  facility.  The 
primary  advantage  lies  in  the  possibility  of  making  real-time  testing 
decisions  based  on  previous  planning,  availability  of  near-real- time 
tunnel  data,  and  an  interactive  capability  for  the  test  monitor-.  Tests 
could  be  controlled  directly  by  the  user  or  by  programmed  test  sequences 
which  monitor  critical  tunnel  parameters. 

Many  of  the  test  methods  described  above  have  been  successfully 
used  as  part  of  the  testing  done  on  jet  engine  designs.  The  AEDC 
Engine  Test  Facility,  for  example,  uses  online  monitoring  of  test  data 
to  make  real-time  decisions  concerning  test  sequences.  ' The  principal 
components  needed  for  successful  automation  in  such  cases  are  the 
availability  of  suitable  tunnel  control  features  and  a good  understanding 
of  interactive  techniques  which  are  possible  through  state-of-the-art 
data  systems. 

Wkm&veA  po44x6£e,  uiind  tunneZ  ^acuJtLtle^  -ikouZd  inc-opohjot^ 
cl.o&2.d-loop,  lnX.(Lnja.(itL\)Q.  to  aIZow  the.  lUeA  to  ob6eAv&  cAtttcaZ 

tej>t  paJumztenji  tn  fieoJi  time,  and  to  modify  te^t  A&quenaeA  cohe.n  appAopatate. 
TfuA  mode.  opeAxitcon  places  moAe.  emphatti  on  te^t  planning  and  leacU> 
to  moAe.  &opkli>ticate.d  testing  t^ahnique^. 

4. 2. 2.4  Computer  Facilities  Required 

It  is  not  possible  to  enumerate  particular  control  schemes  to 
determine  the  computer  requirements  for  each  one;  the  number  of  different 
control  problems  and  the  number  of  different  types  of  wind  tunnel 
installations  would  prohibit  such  an  attempt.  It  is  possible,  however, 
on  the  basis  of  the  reading,  discussions,  and  observations  of  the 
Computer  Systems  Panel,  to  suggest  some  logical  ground  rules  to  be 
followed  in  further  development  of  automatic  control  functions  for 
wind  tunnels. 

For  existing  wind  tunnels.  Fig.  4.6  illustrates  the  principal 
processes  which  must  be  included  in  the  development  cycle  for  the 
implementation  of  any  automatic  control  system  function.  As  this 
diagram  shows,  the  initial  task  is  the  definition  of  a well-defined 
control  objective  and  the  means  to  accomplish  this  objective.  It  is 
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Fig.,  4^,^  Methodology  for  Definition  and  Implementation 
of  Automatic  Control  Function 


in  this  phase  of  development  that  either  a research  or  a production  wind 
tunnel  is  needed  for  concept  testing;  control  modifications  to  wind 
tunnel  facilities  cannot  be  based  on  purely  analytic  investigations. 

After  the  feasibility  of  any  particular  control  approach  is  firmly 
established,  the  control  system  needed  to  accomplish  this  function  is 
defined.  Fortunately,  the  sophistication  which  has  been  achieved  in 
computer-based  feedback  control  systems  is  adequate  for  the  development 
of  presently  conceived  control  functions.  The  single  exception  was 
found  by  the  panel  to  be  the  adaptive  wall  problem  and  this  is  addressed 
in  a separate  section  of  the  report.  The  biggest  danger  in  the  modifi- 
cation of  existing  wind  tunnels  to  include  automatic  control  functions 
is  that  hastily  planned  implementations  may  result  in  unreliable  or 
needlessly  complex  systems. 

The  final  three  steps  in  the  development  process  include  demonstrating 
the  coat  effectiveness  of  a tunnel  control  implementation,  establishing 
the  capabilities  and  constraints  of  the  Implementation,  and  finally 
installing  the  control  feature.  A number  of  successful  wind  tunnel 
modification  efforts  can  be  cited  where  the  Implementation  costs  have 
been  more  than  offset  by  improvements  in  data  quality  or  tunnel  efficiency. 

Figure  4. 7 illustrates  the  key  processes  involved  in  defining 
the  automatic  control  functions  to  be  included  in  the  development  of 
new  wind  tunnel  facilities.  The  diagram  shows  steps  which  are  basically 
the  same  as  those  described  for  modifications  to  existing  tunnels.  However, 
two  Important  differences  exist.  First,  the  identification  of  control 
system  functions  can  be  given  much  more  attention  since  the  construction 
of  a new  tunnel  removes  the  restrictions  imposed  by  an  existing  con- 
figuration. It  is  this  step  which,  for  a production  facility,  would 
greatly  benefit  from  any  results  obtained  by  research  wind  tunnel 
facilities. 

The  other  significant  difference  from  the  previous  methodology  is 
the  definition  phase  for  computer  system  resources.  When  an  existing 
facility  does  not  restrict  the  choice  of  a computer  support  system,  it 
is  possible  to  take  maximum  advantage  of  the  recent  developments  in 
localized,  dedicated  processing  functions,  computer  networking. 
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microprocessors,  minicomputers,  and  commtmicatlons  processors.  Tremendous 
strides  have  been  made  in  recent  years  in  developing  various  forms  of 
the  digital  computer  as  system  components.  This  serves  to  relieve  the 
central  computer  of  the  necessity  of  performing  such  a large  number  of 
tasks  that  its  function  becomes  unmanagably  complex.  Distributed 
processing  will  also  allow  more  flexibility  to  be  retained  by  the  control 
comput er . 

CompateA  contAoZ  whid  tmnoLii  should  be.  gdvm  aon&ZdoAcutLon 

dufUng  pZanyilng  ^tageA  .4/tnce  IcuteA  conveA6Xon6  cute  A rnaxi- 

mm  nmbe/L  automatic,  aont/iol  imtu/icA  -should  be.  tnoonpoKated}  kowevzfi, 
cMJie  should  be  taken  to  choose  proven  control  techniques,  to  avoid 
disorganized  Implementations , and  to  build  In  ilexlb-ility  to  allow  ^or 
future  enhancements . 

The  computer/ control  system  technology  Is  available  to  Implement 
automatic  control  features  which  are  both  highly  complex  and  reliable. 

Wind  tunnel  {facilities  which  have  Incorporated  such  {eatures  have 
demonstrated  the  e{{ectlveness  o{  these  schemes. 

4.2.3  The  Adaptive  Wall  Wind  Tunnel 

A look  toward  the  future  indicates  that  the  Adaptive,  or  Intelligent, 
Wall  W.ind  Tunnel  holds  great  promise  for  the  improvements  in  the 
experimental  acquisition  of  aerodynamic  data.  Research  dealing  with 
this  concept  indicates  that  wall  interference  effects,  particularly  in 
the  transonic  region,  can  be  significantly  reduced  (Ref.  4.146).  In 
this  way,  larger  models  (yielding  larger  Reynolds  number)  can  be  tested 
under  conditions  which  more  closely  resemble  free-fllght  conditions, 
and  a significant  improvement  in  the  quality  of  the  simulation  can  be 
expected. 

Examination  of  existing  wind  tunnel  facilities  shows  that  wall 
interference  effects  can  significantly  degrade  the  overall  simulation 
quality  of  the  wind  tunnel  (Ref.  4.146).  Shock  wave  reflections  and 
tunnel  blockage,  induced  by  the  model  and  its  support  system,  are  among 
the  most  noticeable  of  these  problems.  Various  compensation  techniques 
have  been  applied  to  the  problem  in  an  effort  to  minimize  these  effects. 
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The  most  notable  methods  Include  slotted  or  otherwise  porous  walls  (with 
fixed  or  variable  porosity)  used  in  conjunction  with  plenums  to  which 
suction  has  been  applied.  The  application  of  these  methods  has  signi- 
ficantly reduced  wall  interference  problems;  however,  it  is  clear  that 
they  have  not  eliminated  them  (Ref.  4.146).  Tunnels  employing  these 
techniques  exhibit  wall  interference  effects  which  are  not  negligible. 
The  problem  is  most  acute  when  critical  tests  (e.g.,  high  angle  of 
attack)  are  performed.  The  shortcomings  of  compensation  techniques 
have  furthered  the  Investigation  of  the  Intelligent  Wall  Wind  Tunnel 
concept,  which  allows  the  tunnel  walls  to  adapt  to  the  flow  field 
generated  by  any  reasonable  model  attitude  in  such  a way  as  to  eliminate 
Interference. 

4. 2. 3.1  The  Intelligent  Tunnel  Concept 

A detailed  description  of  the  Intelligent  Wall  Concept,  including 
its  theoretical  justification,  has  been  presented  elsewhere  in  this 
report.  Therefore,  the  salient  characteristics  of  this  concept  will 
be  briefly  reviewed  in  the  following  function  description: 

1.  The  entire  flow  field  will  be  solved  by  partitioning  the 
field  into  two  parts.  The  Interior  region  is  within  the 
wind  tunnel  test  section;  the  exterior,  or  far-field, 
region  extends  from  the  boundary  of  the  interior  region 
to  infinity. 

2.  The  Interior  region  will  be  solved  by  the  analog  simulation 
performed  in  the  wind  tunnel  test  section. 

3.  The  far-field  solution  will  be  arrived  at  through  a numerical 
simulation  performed  by  a digital  computer. 

4.  The  walls  will  be  Iteratively  adjusted  until  the  two 
solutions,  when  matched  at  their  mutual  boundary.  Indicate 
the  presence  of  interference-free  conditions.  When  this 
condition  is  met,  data  will  be  taken. 

The  Intelligent  Wall  Wind  Tunnel  is  seen  to  be  a hybrid  simulation 
system  which  effectively  merges  the  simulation  capabilities  of  the  wind 
tunnel  and  the  digital  computer  (Ref.  4.99).  The  Wind  Tunnel  is  used 
to  simulate  the  (complicated,  viscous,  shock  infested)  Interior  region 
where  digital  simulation  is,  as  yet,  inadequate.  The  digital  computer 
simulates  the  (slightly  disturbed,  invisld)  exterior  region  which  would 
require  a wind  tunnel  of  prohibitive  size  and  cost. 
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The  ultimate  application  of  the  Intelligent  Wall  concept  will  occur 
in  a three-dimensional,  production-oriented  wind  tunnel.  At  present, 
research  (which  Includes  the  physical  construction  of  an  Intelligent 
tunnel)  is  being  conducted  only  in  the  two-dimensional  area,  but  a 
three-dimensional  scheme  seems  feasible.  The  most  effective  adaptive 
mechanism  has  not  yet  been  agreed  upon.  Promising  techniques  Include 
variable  geometry  walls  and  multiple  plenums,  with  individual  control 
of  plenum  pressure,  used  in  conjunction  with  variable  porosity  walls. 
Perhaps  the  best  technique  will  be  some  combination  of  these  methods. 

It  is  clear  that  the  construction  of  a three-dimensional  adaptive  wall 
wind  tunnel  will  require  a significant  additional  Investment  in  tunnel 
hardware.  In  addition  to  the  conventional  data  acquisition  and  control 
systems,  an  elaborate  electro-mechanical  system  must  be  constructed  to 
control  the  adjustments  required  at  the  wall.  Existing  systems  perform 
the  far-fleld  computation  off-line;  the  results  are  used  to  manually 
adjust  the  walls  for  the  next  Iteration.  A much  more  effective  procedure 
involves  on-line  computation  of  the  far-field  solution  and  computer- 
control  of  the  wall  adjustment  hardware  (Ref.  4.80).  This  control 
scheme  must  be  adapted  if  the  adaptive  wall  is  to  become  a production 
testing  tool.  The  availability  of  a computer  system  to  support  this 
effort  is  examined  in  the  following  section. 

4. 2. 3. 2 Computer  Facilities  Required 

The  operation  of  an  intelligent  wall  system  is  summarized  by  the 
flow  diagram  shown  in  Fig.  4.8. 

It  is  observed  that  three  operations  (sense  interior  condition; 
compute  exterior  conditions;  adjust  walls)  must  be  iteratively  performed 
before  data  acquisition  for  a single  test  condition  can  begin.  A 
production  environment  requires  that,  within  reason,  no  single  operation 
in  this  loop  excessively  dominate  the  adaptation  time  for  the  system. 

Each  operation  must  be  examined  and  its  completion  time  estimated. 

The  Interior  region  conditions  are  determined  by  measuring  certain 
components  of  the  flow  field  at  the  boundary  of  the  interior  region. 

A modern  data  acquisition  system  can  be  expected  to  perform  this  task 
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Fig.  4.8  Adaptive  Wall  Adjustment  Procedure 


in  a matter  of  a few  seconds,  at  worst.  The  wall  adjustment  operation 
involves  the  electro-mechanical  actuation  of  jacks,  motors,  pumps, 
and/or  valves.  It  seems  reasonable  to  expect  that,  at  best,  a few 
seconds  will  be  required  to  accomplish  this  task.  An  examination  of 
existing  intelligent  wall  tunnels,  when  extrapolated  to  reasonable 
three-dimensional  schemes,  indicates  that  the  data  acquisition  and 
control  procedures  described  above  are  well  within  the  capabilities 
of  existing  minicomputer  supported  process  control  systems.  The 
availability  of  a computer  capable  of  performing  the  far-field 
solution  in  a matter  of  seconds  must  be  assured  if  a production- 
oriented,  intelligent  wall  wind  tunnel  is  to  be  implemented. 

The  computational,  speed  required  to  support  an  adaptive  wall 
depends  on  a number  of  factors;  these  include  1)  solution  time, 

2)  coarseness  of  the  computational  mesh,  and  3)  method  used  to  analyze 
the  exterior  region.  A conservative  estimate  of  the  order  of  magnitude 
of  this  speed  will  be  determined.  One  approach  to  the  exterior  region 
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Involves  the  numerical  solution  of  a finite-difference  approximation 
of  the  transonic  small  disturbance  equation  (Ref.  4.100).  This  solution 
would  be  performed  In  a cylindrical  computational  mesh  (Fig.  4.9)  and 
Is  based  upon  the  Interior  region  conditions  as  reflected  at  the 
boundary. 


The  computational  space  Is  composed  of  N circular  planes;  each  plane 
Is  composed  of  M radial  rays,  and  each  ray  contains  L computational 
mesh  points.  An  examination  of  the  solution  to  the  transonic  small 
disturbance  equation  indicates  that  a tridiagonal  system  of  equations, 
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of  order  L,  must  be  solved  for  each  ray  within  the  computational  model. 
Thus,  a single  Iteration  through  the  computational  space  involves  the 
solution  of  (M  X N)  trldlagonal  systems.  This  set  of  systems  must  be 
solved  a number  of  times  until  the  entire  solution  has  converged. 

Figure  4.10  is  an  expansion  of  the  process  "computer  exterior  region" 
from  Fig.  4.8. 


Fig.  4.10  Computation  of  Exterior  Region 


The  rate  of  computation,  R,  can  now  be  approximated  as: 

I X 0 

R = — — Where:  I = Number  of  iterations  required  for 

convergence 

0 = Number  of  operations  per  Iteration 
T = Required  solution  time 

The  variable  0 represents  the  number  of  operations  required  to  define 
(compute  coefficients)  and  solve  the  set  of  trldlagonal  systems  generated 
by  the  solution  procedure.  Appendix  II  Indicates  that  the  number  of 
operations  required  to  solve  a tridiagonal  system  of  order  L is 
approximately  9L.  The  number  of  operations  required  to  compute 
the  trldlagonal  coefficients  is  comparable  to  the  number  of  operations 
required  for  solution.  Therefore,  for  the  computational  model 
proposed,  0 can  be  expressed  as: 

0 = M X N X 18L  (Operations  required  to  define  and  solve  (M  x N) 

trldlagonal  systems  of  order  L.) 
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R Is  then  seen  to  be: 

^ I X M X N X 18L 
T 

The  following  values  are  reasonable  estimates  of  the  quantities 
Involved: 

I = 100  (Iterations  for  Convergence) 

M = 12^^ 

N = 50  A (Definition  of  Computational  Mesh  Size) 

L = 30  J 

T = 5 (Solution  Time  (Sec.)  Required  for  Production  Environment) 

These  values  Indicate  that  a computer  capable  of  operating  at  an  effective 
rate  of  approximately  6.5  million  floating  point  operations  per  second 
(MFLOPS)  is  required  to  support  a production-oriented  three-dimensional 
Intelligent  wall  wind  tunnel.  This  computational  rate  exceeds  the 
capabilities  of  existing,  readily  available  computers.  It  is  reasonable 
to  assume  that  a solution  time  of  10  minutes  could  be  tolerated  in  a 
research  environment.  A computer  capable  of  operating  at  an  effective 
rate  of  0.05  MFLOPS  can  fulfill  this  requirement,  and  such  machines 
are  presently  available.  A parallel  development  of  adaptive  wall 
technology  and  computer  systems  can  be  anticipated.  A moderate  rate 
of  advancement  of  computer  systems  can  be  expected  to  supply  appropriate 
support  for  the  intelligent  wall  as  it  develops  into  a production 
testing  technique. 

An  examination  of  the  computational  model  proposed  indicates 
that  18,000  mesh  points  are  Involved.  This  value  Indicates  that  the 
memory  requirements  of  the  adaptive  wall  are  Insignificant  when  compared 
to  the  computational  speed  requirement.  Memory  sizes  available  within 
present  minicomputer  systems  are  equal  to  the  task. 

Tkii>  examincution  OjJ  tko.  compateA  ^uppoAt  /teqtuAed  b{/  the  tntettcgmt 
watt  Mind  tunneZ  -indicatu  that  adequate  aomputen.  hcuidjMJie  ti>,  and  Mitt 
continue  to  be  avattabte  to  ^uppo^  the  development  ojJ  tht{>  concept. 

Data  acquJjittionI cont/iot  ^y^tem  n.equAAement6  and  memoJiy  itequAJimentA 
do  not  demand  an  advancement  oi  the  6 tote  o^  the  ant. 
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Although  a th/ize.-cUmm&toyiat  p/Loduction  tunnel,  could  not  be  AuppoAted 
at  tkli,  time,  tU  con6tnuction  ts  not  imminent.  A ^tAong  AeieoAch  and 
development  e^^oAt  can  be  AuppoAted  uiith  available  computeA  technology. 

Assuming  a Aeoionable  AcseoAch  and  development  pe/Uod  ioA  the 
Intelligent  Wall  Wind  Tunnel  and  expected  advancements  in  computeA 
technology,  inadequate  computational  poweJi  will  not  pAevent  the  eventual 
constAuction  o^  a pAo duetto n-oAiented,  thAee- dimensional  intelligent 
wall  wind  tunnel. 


4.3  COMPUTERS  AND  COMPUTATIONAL  AERODYNAMICS 


This  section  will  discuss  the  applicability  of  computers,  present 
and  future,  to  the  solution  of  computational  aerodynamics  problems. 

Whereas  in  Section  3.0  the  emphasis  was  on  the  computational  aspects, 
the  emphasis  here  will  be  on  the  computing  machinery  and  software. 

The  reader  is  referred  to  Section  3.0  for  a more  comprehensive  discussion 
of  the  nature  of  computational  problems. 

4.3.1  Nature  of  the  Computational  Problem 

Three  aspects  of  typical  computational  aerodynamics  problems  are 
of  interest  with  respect  to  the  digital  computer:  1)  the  nature  of  the 
equations,  2)  the  nature  of  the  solution  procedure,  and  3)  the  performance 
characteristics  of  a suitable  computer. 

4. 3. 1.1  Nature  of  the  Equations 

The  flow  of  a fluid  is  typically  a quite  complicated  process  and, 
consequently,  quite  difficult  to  model  mathematically.  This  is 
particularly  true  of  the  fluid  flows  of  interest  to  aerodynamlclsts , 
which  may  involve  turbulence,  boundary-layer  separation,  shock  wave 
interactions,  and  other  complications.  In  the  case  of  turbulence, 
for  example,  the  size  of  the  eddies  present  in  the  flow  field  is  a 
random,  though  bounded,  variable.  To  the  complexities  of  fluid  must 
be  added  deficiencies  in  expressing  the  essential  properties  and 
characteristics  of  the  real  fluid  involved. 

While  the  foregoing  is  not  a complete  description  of  the  obstacles, 
it  is  clear  that  difficulties  arise  from  a lack  of  fundamental  under- 
standing of  the  development  and  solution  of  definitive  fluid  flow 
models.  However,  the  modeling  concept  has  permitted  substantial 
progress.  Modeling  entails  the  substitution  of  a mathematically 
tractable  approximation  for  an  Intractable  theoretical  equation(s). 

The  limitations  of  the  model  must,  of  course,  be  recognized.  As  a 
substitute  for  theory,  the  model  will  have  a limited  range  of  appli- 
cability, beyond  which  the  calculated  results  will  be  of  dubious  merit. 

For  the  present  discussion,  these  constraints  are  notable  because 

they  also  apply  equally  to  computer  programs  generated  from  the  theoretical 

equations  augmented  by  the  model  relations. 
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The  time-averaged  Navler-Stokes  equations  are  generally  regarded  as 
the  theoretical  relations  applicable  to  a wide  range  of  aerodynamics 
problems.  When  augmented  by  additional  equations  (i.e.,  from  models), 
so  that  the  number  of  unknown  variables  equals  the  number  of  equations, 
the  Navier-Stokes  equations  may  be  regarded  as  soluble.  In  form, 
the  equation  set  is  a collection  of  nonlinear  partial  differential 
equations.  Analytic,  closed  form  solutions  are  not  possible  (except 
for  carefully  contrived  and  simplified  problems).  Instead,  the  flow 
field  is  discretized  for  two  primary  reasons:  1)  the  mathematics  is 
rendered  tractable,  and  2)  the  problem  is  mapped  into  the  domain  of 
the  digital  computer. 

This  view  of  aerodynamics  problems  is  not  restricted  to  the  Navier- 
Stokes  type  of  flow  alone.  Discretization  is  applied  to  other  types  of 
flow  as  well.  The  form  of  the  discretized  equations  will  vary  with  the 
type  of  flow,  but  the  general  characteristics  of  the  problem  remain  the 
same  (that  is,  a large  number  of  variables  and  a large  number  of 
equations  resulting  from  the  discretization  of  the  flow  field) . For 
three-dimensional  solutions,  five  variables  per  grid  point  is  a minimum. 
The  values  of  the  variables  associated  with  certain  elements  are  fixed, 
owing  to  the  proximity  of  the  element  to  a physical  boundary. 

4. 3, 1.2  Nature  of  the  Solution  Procedure 

With  the  preceeding,  somewhat  simplified  description  of  computational 
aerodynamics  problems  as  a perspective,  the  method  of  solution  must  be 
discussed.  Just  knowing  the  equations,  the  grid  pattern  for  the  matrix 
and  the  boundary  conditions  does  not  enable  a programmer  to  directly 
write  a program.  A variety  of  numberlcal  techniques  may  be  employed  to 
effect  the  solution.  For  the  purposes  of  this  discussion,  the  relative 
merits  of  one  method  or  another  will  be  avoided  in  preference  to  a 
discussion  of  the  Impact  of  the  general  properties  of  the  applicable 
numerical  techniques  on  the  computer  and  the  programmer. 

First,  consider  the  enormity  of  a minimal  problem.  A grid  division 
of  1,000  in  each  of  three  coordinate  directions  is  not  inconceivable 
(and  may  possibly  still  be  too  coarse  for  some  situations) . At  five 
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variables  per  grip  location,  the  number  of  variables  would  be  5 x 10  . 

If  each  variable  had  to  be  treated  Independently,  this  would  certainly 
be  an  overwhelming  problem.  However,  the  nature  of  the  numerical 
methods  is  to  perform  the  same  type  of  operation  at  each  grid  location. 
Vector  and  matrix  operators  are  convenient  in  describing  the  mathematics 
of  the  numerical  methods. 

Second,  the  vector  mathematics  apparently  applies  only  to  the 
interior  points  of  the  grid.  The  operations  performed  at  the  flow-field 
boundary  are  generally  scalar  in  nature.  That  is,  it  is  not  readily 
apparent  that  calculations  performed  at  the  boundaries  will  be  vectorizable. 
The  ntmiber  of  anticipated  boundary  elements  is  on  the  order  of  10^  based 
on  the  1,000  unit  metric. 

Third,  the  solution  of  discretized  problems  employing  numerical 
procedures  is  inherently  repetitive  in  nature.  As  a consequence,  the 
large  number  of  vector  and  scalar  operations  must  be  performed  repeatedly 
upon  each  iteration.  Though  it  could  be  significantly  higher,  depending 
upon  the  convergence  properties  of  the  numerical  method,  10  appears  to 
be  the  order  of  magnitude  for  the  number  of  iterations.  The  large  number 
of  iterations  has  two  implications  on  computer  solutions  to  computational 
aerodynamics  problems:  1)  The  execution  times  will  be  high  for  computers 
of  conventional,  scalar  architectures;  2)  The  large  number  of  iterations 
will  tend  to  introduce  significant  round-off  errors  for  machines  of 
short  word  length. 

4. 3. 1.3  Performance  Characteristics  of  a Suitable  Computer 

With  the  preceding  thoughts  on  the  nature  of  computational  aero- 
dynamics problems  and  solutions  in  mind,  one  can  now  approach  the  task 
of  identifying  the  essential  characteristics  of  a suitable  computer. 

In  a subsequent  section,  the  state  of  computing  machinery  will  be 
examined  to  ascertain  suitabilities  for  applications  in  computational 
aerodynamics . 

Before  proceeding,  it  is  necessary  to  identify  the  operating 
environment  of  the  computing  system.  It  is  assumed  that  the  programs 
will  be  written  in  high  level  scientific  languages.  The  programs  will 
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be  based  on  present  numerical  techniques  and  will  be  executed  in  a 
stand-alone  mode.  The  computer  will  not  simultaneously  execute  more  than 
one  program.  The  final  consideration  Involving  the  computer  operating 
environment  is  the  acceptable  execution  time.  A 10-mlnute  execution 
time  to  solve  the  entire  flow  field  has  been  suggested  on  numerous 
Instances  throughout  this  study.  It  seems  likely  that  the  10-minute 
execution  time  originated  from  the  familiarity  of  programmers  with 
computing  systems  and  problems  yielding  short  execution  times.  This 
arbitrarily  selected  execution  time  stems  from  what  has  been  deemed 
convenient  for  a production  computational  aerodynamics  computer.  While 
the  10-mlnute  figure  will  be  used  here,  less  impatient  users  can  easily 
calculate  the  computing  speed  on  their  preferred  time  basis.  It  is  essiNfc&feed 
expected  that  many  users,  particularly  those  in  research  environments, 
may  be  quite  satisfied  with  execution  times  of  10  to  12  hours. 

In  order  to  achieve  a 10~minute  execution  time,  the  rate  of 
processing  floating  point  operations  must  be  at  least  of  magnitude 
103  megaflops  (million  floating  point  operations  per  second) . This  can 
be  accomplished  by  designing  the  computer  to  perform  a multitude  of 
operations  at  one  time.  The  vector  nature  of  the  interior  flow-field 
computations  suggests  a parallel  processing  machine.  Each  of  several 
processors  would  perform  the  same  operation  simultaneously  on  an  equal 
number  of  consecutive  grid  points.  The  greater  the  number  of  processors 
the  greater  the  effective  processing  rate  of  the  machine.  A typical 
present-day  computer  can  perform  a floating  point  computation  in  200 
nanoseconds,  suggesting  on  the  order  of  200  processors  to  achieve  the 
desired  103  megaflop  processing  rate.  However,  this  ignores  the 
operating  system  overhead,  the  scalar  processing  penalty,  the  memory 
management  operations,  and  the  Input/output  operations.  These  and 
other  contingencies  may  require  either  that  the  number  of  parallel 
processors  to  be  Increased  (up  to  perhaps  600)  or  that  the  processors 
be  designed  to  execute  faster. 

Arguments  for  increasing  the  speed  of  the  individual  parallel 
processing  units  apply  equally  to  the  scalar  processing  capability, 
which  must  also  be  fast.  While  the  number  of  scalar  operations  is  less 
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than  the  number  of  array  operations,  it  must  be  recalled  that  these 
operations  can  only  be  executed  sequentially.  Pipelining  the  processor 
increases  its  speed  by  a factor  of  three  or  more.  In  the  pipeline  concept, 
the  processor  is  subdivided  into  a sequence  of  subprocessors  called 
segments.  Each  segment  has  a specific  task  to  perform,  and  each  works 
simultaneously  with  the  others.  An  analogy  can  be  drawn  between  an 
assembly  line  and  the  pipelined  computer  concept.  For  a three-segment 
piepllne,  the  operations  are  apparently  performed  in  almost  one  third 
the  time  of  a conventional  processor.  Some  sacrifice  in  time  occurs 
as  the  pipe  is  initially  filled  and  as  the  pipe  is  emptied  at  the  con- 
clusion of  a string  of  scalar  computations.  Thus,  the  greatest 
benefit  from  pipeline  processors  will  be  realized  if  the  computations 
are  batched.  That  is,  all  of  the  scalar  computations  are  performed 
in  one  batch,  as  are  the  vector  computations.  Note  that  for  a pipeline, 
the  sequential  computations  must  be  carefully  organized,  or  the  com- 
putation may  actually  be  slower. 

For  the  computer  to  sustain  the  suggested  10^  megaflop  rate,  a 
certain  sophistication  in  the  memory  will  also  be  required.  To  support 
the  parallel  and  scalar  processors,  a large  and  very  fast  direct  access 
main  memory  is  essential.  Since  this  memory  will  be  expensive,  it 
would  not  be  reasonable  to  expect  to  store  all  of  the  variables.  The 
direct  access  main  memory  will  be  supplemented  by  a backing  store  suffi- 
cient to  store  all  of  the  variable  values.  When  necessary,  a page  of 
the  backing  store  will  be  copied  into  the  main  memory,  replacing  the 
former  contents , which  had  previously  been  copied  back  into  the  backing 
store.  The  backing  store  would  be  less  expensive  per  bit  than  the 
main  memory  since  the  requirement  for  speed  is  less  stringent.  Some 
care  must  be  exercised  to  ensure  that  the  paging  (i.e.,  transferral 
of  data  between  the  backing  store  and  main  memory)  is  efficient  and 
minimal.  This  appears  to  be  most  strongly  influenced  by  the  nature 
of  the  numerical  technique  and  the  format  of  variables  within  the 
backing  store. 

To  the  parameters  of  speed  and  memory  size  must  be  added  the 
equally  important  concept  of  accuracy.  The  length  of  each  computing 
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word  determines  the  accuracy  with  which  floating  point  numbers  may  be 
stored.  This  accuracy  Introduces  round-off  errors  during  computations 
involving  the  multiply,  divide,  or  other  similar  operators.  Because 
of  the  large  number  of  operations  performed  on  each  variable  in  the 
solution  of  a computational  aerodynamics  problem,  the  word  length 
for  floating  point  numbers  should  be  as  large  as  possible.  Increasing 
the  word  length  for  a memory  of  specified  size  increases  the  cost  of 
the  memory  since  the  number  of  components  increases.  For  example,  a 
IK  64-blt  memory  will  cost  approximately  the  same  as  a 2K  32-bit  memory. 
To  some  researchers,  a word  length  of  at  least  64  bits  appears  necessary 
for  computational  aerodynamics. 

Fundamentally,  there  is  little  distinction  between  1)  a serial 
computer  executing  a program  instruction  set  in  sequence,  or  2)  a 
parallel  computer  executing  a parallelized  version  of  the  same  program. 
The  number  of  operations  performed  remains,  practically  speaking,  the 
same.  If  a strictly  serial  computer  were  assigned  to  a computational 
aerodynamics  problem  of  moderate  complexity,  an  execution  time  of  one 
week  (or  at  least  several  days)  seems  likely.  It  also  seems  likely 
that  during  a week  of  full-time  computation  at  least  one  hardware  item 
will  fail.  The  failure  may  be  hard  or  soft,  but  one  should  presume  that 
the  failure  Influences  a computed  result.  It  would  be  futile  to  continue 
processing  with  the  error,  and  equally  futile  to  restart  the  entire 
calculation.  Instead,  the  machine  should  incorporate  1)  error  detection 
and  correction  codes  (e.g.,  Hamming  codes)  and  2)  restart  capability, 
resuming  a computation  from  the  point  of  interruption.  These  features 
will  minimize  the  frequency  of  errors  as  well  as  the  Impact  of  an 
error  on  execution  time.  As  an  example,  consider  the  serial  machine 
trudging  through  a five-day  execution  of  a computational  aerodynamics 
problem.  If  a hard  failure  should  occur  on  the  fourth  day  and  if  no 
error  detection/correction  and  restart  capability  has  been  provided, 
then  the  four  days  of  execution  will  have  been  wasted.  Note  that  it 
is  the  number  of  operations  performed  per  job  that  determines  the 
probability  of  successful  job  completion  without  error  (or,  to  say  it 
another  way,  as  the  number  of  processors  is  increased,  so  is  the 
probability  of  at  least  one  processor  falling). 
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The  parallel,  pipelined  computer  architecture  Is  quite  complicated 
by  comparison  to  the  serial  computers  with  which  most  programmers  are 
familiar.  The  experience  of  programming  for  a parallel  computer  will 
seem  most  unnatural  to  the  programmer  initially,  and  may  be  expected  to 
result  In  inefficient  parallel  programs  (Ref.  4.88).  Consequently,  the 
support  software  designed  for  the  parallel  computer  should  assist  the 
programmer  in  parallelizing  the  traditionally  sequential  instructions 
he  composes.  When  parallelizing  software  is  provided,  1)  at  least 
partially  parallelized  versions  of  sequential  programs  are  produced  for 
execution,  and  2)  the  programmer  can  review  the  parallelized  program  to 
locate  statements  which  may  be  hindering  the  parallelization.  To 
facilitate  the  use  of  parallel  computers,  the  language  supported  should 
be  an  extension  of  a familiar  high  level  scientific  language,  such  as 
FORTRAN.  The  FORTRAN  language  can  easily  be  augmented  with  a repertoire 
of  vector  instructions  using  a keyword  identifier,  not  unlike  the 
MAT  statements  in  the  BASIC  language, 

4.3.2  Available/Planned  Computer  Systems 

Having  considered  the  nature  of  the  computational  aerodynamics 
problem  and  its  dictates  for  computer  requirements,  it  is  appropriate 
now  to  survey  the  capabilities  of  contemporary  computing  equipment 
designs.  This  section  will  be  subdivided  according  to  1)  currently 
available  computer  systems,  2)  computer  systems  currently  under 
development,  and  3)  technological  advances. 

4. 3. 2.1  Currently  Available  Computer  Systems 

Many  computer  systems  are  available  today  with  a variety  of 
speeds  and  capabilities.  It  is  the  subset  of  available  computers 
which  possess  very  large  memory  capabilities  and  very  fast  execution 
times  that  is  of  interest  to  computational  aerodynamics.  The  speed 
of  a computer  is  determined  principally  by  the  processor  design  and 
implementation.  Two  distinct  processor  classifications  have  emerged. 

A serial  processor  performs  unitary  operations  in  a sequential  mode. 

That  is,  individual  instructions  are  executed  one  at  a time.  Parallel 
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processors  perform  a number  of  operations  simultaneously  by  performing 
the  same  operation  on  a group  of  memory  locations.  This  parallel  mode 
of  operation  gives  parallel  architectures  a significant  speed  advantage 
over  scalar  types  for  problems  principally  involving  vector  mathematics . 

A third  type  of  processor  design,  which  is  applicable  to  both 
parallel  and  serial  machines,  is  the  pipelined  processor.  In  this 
concept,  each  processor  is  segmented,  with  each  segment  performing  a 
portion  of  the  total  operation  to  be  performed.  A three-segment  pipeline 
processor  will  produce  computational  results  approximately  three  times 
faster  than  a conventional  processor  of  comparable  technological 
sophistication.  When  applied  to  an  array  machine,  each  individual 
parallel  processor  would  be  segmented  into  a pipeline. 

The  foregoing  general  classification  of  computers  by  processor 
type  will  form  the  basis  for  discussing  the  computer  systems  which  are 
currently  available.  An  attempt  has  been  made  to  name  and  describe  the 
salient  features  of  all  computing  systems  which  are  currently  available 
and  appear  applicable  to  the  solution  of  computational  aerodynamics 
problems.  Pipelined  processors  will  not  be  discussed  separately  from 
the  scalar  and  parallel  architectures,  since  pipelining  is  a technique 
applicable  to  both  for  increasing  the  processing  speed  and  is  usually 
transparent  to  the  programmer.  For  certain  problems,  the  programmer 
must  be  aware  of  the  pipeline  architecture  to  avoid  penalties  in 
processing  speed. 

The  serial  machines  are  variations  on  the  traditional  von  Neuman 
architectures.  Notable  large  memory  machines  in  this  classification 
are  the  Amdahl  470,  IBM  360-91,  IM  370-195,  Burroughs  7800,  and  the 
CttC  76h0.  Each  of  these  employs  pipelining  features  to  enhance  the 
serial  processing  rate.  In  terms  of  size,  all  of  these  machines 
depend  upon  different  types  of  backing  stores  (i.e.,  virtual  memory, 
disc,  etc.)  to  augment  the  main  memory  for  computational  aerodynamics 
problems . Care  will  be  necessary  when  preparing  programs  for  these 
machines  to  preclude  severe  penalties  in  speed  due  to  excessive  data 
transmission  with  the  backing  store.  To  promote  efficient  memory 
utilization  and  to  promote  conservation  of  machine  time,  computational 
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aerodynamics  problems  must  be  executed  in  a stand-alone  mode.  The 
execution  times  for  meaningful  aerodynamics  problems  could  be  on  the 
order  of  a week.  Such  execution  times  are  more  than  an  inconvenience 
to  a user  anxiously  awaiting  results,  for  the  long  execution  time  also 
makes  necessary  the  periodic  preparation  of  backup  tapes  (or  disc  files, 
if  preferred)  to  enable  restarting  the  program  in  the  event  of  an 
interruption. 

The  inconveniences  of  speed  and  size  for  serial  machines  are 
counterbalanced  by  the  operating  system  and  applications  software 
which  has  been  developed  for  these  machines.  This  software  includes 
efficient  operating  systems  and  user  oriented  high  level  languages 
amenable  to  scientific  computations.  To  be  sure,  these  languages 
are  primarily  serial  in  design,  while  the  computational  aerodynamics 
problems  are  principally  of  the  vector  type.  However,  a knowledgeable 
programmer  can  be  expected  to  write  reasonably  efficient  code  to 
serialize  vector  operations.  Because  of  the  long  history  of  serial 
computers  as  scientific  computational  tools,  capable  programmers  abound. 
Near-optimal  translations  of  aerodynamics  algorithms  into  high  level 
computer  code  can  be  achieved.  The  applicability  of  serial  machines 
to  computational  aerodynamics  rests  on  the  strengths  of  the  available 
softv/are  and  familiar  high  level  languages. 

Historically  speaking,  the  parallel  computers  are  a recent 
innovation.  These  machines  are  computationally  fast  and  well  suited 
to  vector  problems  but  lack  the  software  support  provided  for  the 
serial  machines . Computers  employing  parallel  processors  include  the 
CDC  star-100  and  lOOA,  Cray-1,  ILLIAC-IV,  and  TI-ASC.  Each  of  these 
machines  has  certain  special  capabilities  for  array  arithmetic.  Rather 
than  engaging  in  a detailed  description  of  each  machine,  however, 
attention  will  be  focused  on  more  general  considerations. 

Under  ideal  conditions,  vector  machines  achieve  processing  rates 
of  from  50  to  approximately  200  megaflops  (Ref.  4.124).  Although 
serious  data  flow  problems  are  encountered  in  keeping  processors  busy, 
the  optimal  processing  rate  depends  upon  the  length  of  the  vector 
operands  and  the  absence  of  scalar  operations.  The  Cray-1  and  ILLIAC- 
IV  are  structured  for  multiples  of  64.  That  is,  these  machines  are 
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most  efficient  with  vector  operands  of  64  components.  For  the  STAR 
and  ASC,  the  longer  the  vector  the  greater  the  processing  speed.  Ortega 
and  Voigt  (Ref.  4.124)  point  out  that  vector  lengths  of  10,000  or  more 
are  required  for  STAR  and  ASC  to  attain  the  highest  processing  rate. 
These  vector  length  requirements,  which  assure  high  processing  rates, 
should  have  minimal  impact  on  computational  aerodynamics  applications. 
The  flow  field  is  partitioned  into  a three-dimensional  array  of  finite 
elements.  For  computational  purposes,  arrays  are  linearized  for  storage 
in  the  machine.  Reference  vectors  prepared  from  the  lower  and  upper 
limits  of  the  array  bounds  speed  access  to  a specified  array  element. 
Each  access  may  be  treated  as  the  beginning  of  a vector  of  whatever 
length  suits  the  machine  and  the  problem. 

So  far,  only  the  speed  of  processing  vector  operands  has  been 
discussed.  Computational  aerodynamics  problems  may  also  require 
scalar  arithmetic  operations  involving  the  grid  points  at  the  boundaries 
of  the  control  volume.  With  the  exception  of  the  Cray-1,  the  penalty 
for  performing  scalar  operations  with  a vector  machine  are  severe  (Ref. 
2.124).  For  example,  Ortega  and  Voigt,  (Ref.  4.124)  cite  a scalar 
operation  time  of  1 microsecond  for  the  STAR.  Approximately  10  percent 
of  the  execution  time  would  be  consumed  performing  scalar  calculations, 
which  comprise  0.2  percent  of  the  total  number  of  calculations  for  an 
aerodynamics  problem  as  described  in  Section  4.3.1.  Thus,  for  the 
STAR,  an  execution  time  on  the  order  of  16  hours  can  be  expected, 
based  on  the  problem  outlined  in  Section  4.3.1,  with  an  average  of 
five  dladic  operations  required  in  the  computation  of  each  array 
variable.  By  contrast,  the  ASC  scalar  speed  is  twice  that  of  the  STAR 
(Ref.  4.124).  A scalar  cycle  time  of  12.5  nanoseconds  (Ref.  4.124) 
for  the  Cray-1  with  a maximum  vector  processing  rate  of  160  megaflops 
(Ref.  4.26,  4.124)  leads  to  the  expectation  of  an  execution  time  on 
the  order  of  4 hours  as  compared  to  the  previous  16-hour  estimate  for 
the  STAR.  This  is  something  of  an  overstatement  of  the  speed  of  the 
Cray-1  since  the  Cray  speed  is  based  on  executing  assembly  language 
programs , whereas  the  STAR  (and  the  ASC)  execution  rates  are  based 
on  vector  FORTRAN  programs  (Ref.  4.26). 
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To  be  sure,  the  execution  times  cited  in  the  preceeding  paragraph 
are  optimistic  since  the  assumption  of  complete  adaptability  of  the 
numerical  technique  to  the  computer  architecture  is  inherent.  In 
practice,  such  fortuitous  circumstances  may  seldom  exist.  The  penalty 
for  communication  between  the  main  memory  (or  computational  registers, 
etc.)  and  the  backing  store  has  not  been  included  in  the  speed  calcu- 
lations. This  penalty  in  execution  time  could  be  devastating.  Stone 
(Ref.  4.156)  cautions  that  the  data  (i.e.,  the  vectorized  array  variables) 
must  be  organized  efficiently.  This  is  no  mean  task,  since  vector 
computers  are  recent  innovations  and  few  in  number.  Programming  expertise 
for  vector  machines  is  quite  embryonic,  and  not  necessarily  dependent 
upon  scalar  expertise.  Stone  (Ref.  4.156)  alludes  to  this  philosophical 
dichotomy  in  discussing  the  evolution  of  parallel  algorithms  from 
serial  algorithms.  Furthermore,  manufacturers  of  the  vector  machines 
have  marketed  the  hardware  before  making  the  operating  and  programming 
software  available. 

kt  pA&6e.nt  a vajiLoJiij  ^cjoULoa  and  vzctoA  computeAA  oAt  avaltabtt 
loA  aompUiXationat  aeAodynamic^.  Thz  JtaAqz  ■icalaA  mackinzM  oaz  6iuXabZz 
II  ZojiQt  execution  tme(>  and  ■6tand-alone  opeAotlon  can  be  to-tcAoted. 
So^tukxAe  ^appoAt  and  pAogAommeAi  capable  oi  eiftlclent  6caZaA  code&  oAe 
the  pAunoAy  advantages  scaZan  machtnes. 

The  oAAay  machines  have  speed  advantages  ove'i  scaZoA  machines  but 
lack  the  so^tmAe  suppoAt.  SoitmAe  ioA  oAAay  machines,  pAog^LommeAS 
capable  oi  mating  evident  poAallel  pAogAoms,  and  algoAlthms  talloAed 
to  the  unique  capabilities  oi  oAAay  pAocessoAS  mil  elevate  the  vectoA 
machines  to  a useful  computational  aeAodynamlcs  tool. 

4. 3. 2. 2 Computer  Systems  Currently  Under  Development 

The  principal  advanced  computing  systems  with  applicability  to 
computational  aerodynamics  include  the  CDC  Star  lOOC,  Burroughs  BSP, 

PEPE,  STARAN,  and  PHOENIX.  With  the  exception  of  the  PHOENIX,  these 
advanced  computer  systems  are  general  purpose  vector  machines.  A 
discussion  of  the  PHOENIX  concept  is  deferred  to  the  close  of  this 
section. 
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The  STAR  lOOC,  BSP,  PEPE,  and  STARAN  may  be  regarded  as  general 
purpose  vector  machines  suitable  for  computational  aerodynamics  problems, 
although  not  specifically  developed  for  this  application;  these  vector 
machines  have  at  least  reached  the  conceptual  design  stage.  The  PEPE 
and  STARAN  (byte  oriented)  exist  as  working  prototypes.  A working 
prototype  of  the  BSP  is  anticipated  within  a year.  Although  the 
operating  characteristics  (l.e.,  speed,  memory  size,  and  number  of 
processors,  etc.)  of  these  machines  differs  somewhat  from  existing 
vector  machines , an  appreciable  extension  of  vector  processing 
capabilities  is  not  anticipated. 

The  Burroughs  BSP  falls  in  the  30-  to  50-megaflops  range,  with  a 
scalar  mode  speed  of  2 megaflops  (Ref.  4.159).  These  characteristics 
are  similar  to  the  GDC  STAR  100  and  the  TI-ASC.  Similarly,  the  STAR 
lOOC,  as  an  evolution  of  the  STAR  100,  will  not  possess  vastly  different 
operating  characteristics.  The  primary  thrust  with  the  STAR  lOOC  is 
an  improvement  in  the  scalar  mode  processing  rate  and  decreased  pipe 
set  up  time.  The  performance  of  the  PEPE  derives  from  288  processing 
elements,  each  with  a 1-megaflop  rate.  The  scalar  mode  for  PEPE  is 
essentially  1 megaflop  (Refs.  4.114,  4.164).  However,  the  PEPE  word 
length  is  32  bits,  requiring  computations  in  double  precision  and  con- 
comitantly reducing  the  processing  rates  by  half.  The  Goodyear  STARAN 
also  employs  a 32-bit  word  for  floating  point  operations  which  can  be 
reconfigured  for  64  bits  but  with  the  penalty  of  halving  the  speed. 

The  associative  array  employed  in  STARAN  is  unique,  containing  256 
words  of  256  bits  each  which  may  be  accessed  in  either  bit  or  word 
direction  (Refs.  4.64,  4.65,  4.66,  and  4.124).  Up  to  32  such  arrays 
are  possible.  Since  a floating  point  operation  requires  40  micro- 
seconds, an  array  processing  rate  of  6.4  megaflops  is  possible  with 
one  array.  The  maximum  array  rate  of  200  megaflops  is  possible  with 
32  arrays. 

An  indictment  of  the  software  support  will  almost  certainly  be 
as  applicable  to  these  machines  as  to  the  current  vector  computers.  It 
is  as  Important  to  develop  software  to  permit  the  user  to  manipulate 
the  machine  intelligently  as  it  is  to  develop  the  machine  itself.  What 
is  needed  is  a vector  computing  system  rather  than  a vector  computer. 


223 


The  PHOENIX,  an  evolutionary  offspring  of  ILLIAC-IV,  is  currently 
under  study  by  NASA  (Refs.  4.151,  4.152).  At  present,  the  PHOENIX  is 
the  only  advanced  computer  system  being  designed  with  computational 
aerodynamics  clearly  in  mind.  It  is  clear  that  current  advanced  parallel 
processors  are  incapable  of  the  l-gigaflop  processing  rate  suggested 
for  computational  aerodynamics  computers.  Perhaps  by  specifically 
tailoring  the  machine  to  suit  the  algorithm,  and  by  taking  advantage 
of  recent  technological  advancements,  the  PHOENIX  can  achieve  the 
desired  processing  rate.  However,  it  seems  desirable  to  continue 
development  and  application  of  other  computer  architectures  to 
computational  aerodynamics. 

A \}cuviQ;ty  advance.d  ve.ctoM,  aomput^fL  6y6tm!>  meAghig.  Like, 
the.  cu/iAent  ve.ctoA.  maklneA,  the.  Ao^ttm/ie.  6uppo^  lacking.  In 
de.ieAeyice.  to  the.  novelty  o^  pa/iaZlel  programming,  it  t6  6uggeAte.d  that 
the.  appticatton  o^  aj>  many  o^  the.  archit&cture.6  ai>  po&&tble.  to 
computational  aerodynamics  problems  be  attempted.  The  accurate 
prediction  o^  the  architecture  which  will  be  most  convenient  to  this 
class  ojJ  problems  seems  remote  at  this  time.  However,  by  benchmarking 
the  new  architectures  with  computational  aerodynamics  programs,  insights 
into  machine  design,  opeucting  system  design  and  applications  So  fatware 
design  will  be  gained. 

4 . 3 . 2 . 3 Crucial  Technological  Advances 

The  comparison  of  available  and  evolving  computer  systems  to  the 
requirements  anticipated  for  meaningful  aerodynamics  computations  as 
outlined  in  Section  4.3.1  leads  to  the  identification  of  several  areas 
requiring  technological  advances.  Simply  stated,  computers  need  to  be 
faster,  larger,  more  reliable,  and  more  easily  programmed  for  vector 
problems.  The  area  requiring  principal  attention  is  the  latter,  namely 
the  development  of  software.  This  discussion  of  technological  advances 
has  been  limited  to  technologies  anticipated  withip  5 years.  Devices 
and  methods  (i.  e.,  cryogenics,  VLSI)  presently  in  the  laboratory 
have  been  excluded. 
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The  processing  speed  of  a vector  computer  is  Influenced  by  a variety 
of  design  parameters.  The  extent  of  the  desired  speed  Increase  is  an 
order  of  magnitude  faster  than  the  maximum  speed  of  the  Cray-1.  Since 
computational  aerodynamics  problems  involve  scalar  as  well  as  vector 
operands,  both  types  of  operations  must  be  enhanced.  The  rate  of  scalar 
operations  is  determined  primarily  by  component  design.  Although 
the  speed  of  light  and  circuit  resolution  are  often  cited  as  limitations 
on  scalar  speed,  it  appears  reasonable  to  expect  a 2-  to  3-nanosecond 
cycle  time  or  faster  (Refs.  4.16  and  4.156).  This  is  a significant 
decrease  from  the  scalar  execution  time  for  the  Cray-1,  hut  a greater 
than  tenfold  increase  in  the  array  processing  speed  is  required  to  yield 
an  overall  order-of-magnitude  increase  in  speed.  Some  technological 
refinements  may  increase  the  vector  speed  (e.g.,  LSI);  however,  the 
suggestions  of  Stone  (Ref.  4.156)  appear  to  be  the  most  promising. 

Notable  is  the  increase  in  the  degree  of  parallelism.  This  is  the  most 
direct  approach  but  could  be  costly  unless  the  unit  price  per  processor 
can  be  significantly  reduced.  The  application  of  multiprocessing  also 
seems  to  hold  promise  but  questions  of  synchronization  and  queueing 
have  yet  to  be  resolved  (Refs.  4.135  and  4.136).  Increasing  the  degree 
of  parallelism  is  the  most  certain  method  of  achieving  an  order-of- 
magnitude  increase  in  speed. 

Note  that  as  the  speed  of  the  processor  increases,  the  rate  of  data 
access  and  data  transmission  must  also  increase.  Broad-band  communication 
between  the  main  memory  and  the  backing  store  is  indicated.  The  2.56 
X 10^®  bit  bandwidth  of  the  STAR  lOOA  correlates  to  4 x 10^  words  of 
64  bits  each,  which  exceeds  the  minimal  8M  word  main  memory  forecast 
for  computational  aerodynamics  (Ref.  4.34).  The  speed  and  size  of  the 
memory  Itself  can  be  enhanced  by  adopting  CCD,  or  bubble  technology 
when  the  reliability  and  the  cost  of  these  devices  become  acceptable. 

Their  use  appears  necessary  for  the  128M  word  fast-backing  store. 

While  the  architecture  of  the  machine  is  not  generally  thought  of 
as  technological  in  nature,  architecture  is  nevertheless  a crucial 
factor  determining  processing  speed.  One  fault  of  the  general  purpose 
machines  is  the  many  layers  of  software  controlling  the  operation  of 
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of  the  computer  (Ref.  4.88).  It  Is  inefficient  to  superimpose  software 
onto  an  architecture  to  force  the  machine  to  perform  special  operations. 
However,  efficiency  in  performing  computations  is  lost  if  the  machine 
architecture  does  not  (appear)  to  match  the  problem  structure  (Ref.  4.136). 
Consequently,  careful  tailoring  of  the  computer  to  computational  aero- 
dynamics problems  must  be  considered,  particularly  the  mix  of  scalar 
and  vector  operations. 

Reliability  is  a nebulous  parameter  to  describe.  However,  a 
computer  suitable  for  computational  aerodynamics  applications  should 
1)  make  few  errors,  2)  detect  the  errors,  and  3)  require  a minimum  of 
"down"  time  to  effect  repairs.  The  first  two  requirements  can  be 
handled  with  error-detection/correction  codes,  such  as  Hamming  codes. 

Some  sacrifice  is  entailed  in  storage  capacity,  accuracy,  and  speed 
as  several  bits  from  each  word  are  commandeered  to  contain  the  parity 
data.  This  strategy  has  already  been  deployed  on  some  vector-processing 
machines  (l.e.,  Cray-1,  STAR,  etc.).  The  discussion  of  the  time 
required  for  repair  is  beyond  the  scope  of  this  report;  however,  it  is 
pointed  out  that  this  parameter  la  highly  dependent  upon  the  component 
design  and  mainframe  design.  The  reality  of  maintainability  should 
be  acknowledged  by  the  designers  and  fabricators  of  the  machine  early 
in  the  design  process. 

The  final  technological  advance  identified  as  necessary  to  the 
development  of  a computational  aerodynamics  computer  system  is  suitable 
parallel  software  (Refs.  4.88  and  4.89).  Two  classes  of  software  are 
required.  First,  a high  level  programming  language  suited  both  to 
the  vector  nature  of  the  problem  and  to  the  serial  nature  of  the 
programmer  must  be  developed.  A high  level  language  permits  the 
programmer  to  express  the  problem  with  ease  and  clarity  (Ref.  4.10). 

CDC,  Goodyear,  Burroughs,  Los  Alamos  Laboratory,  NCAR,  and  others  are 
working  on  vector  languages  (Ref.  4.26  and  4.135).  The  favored 
approach  is  the  extension  of  an  existing  and  familiar  high  level 
language  (such  as  FORTRAN)  to  include  a repertoire  of  vector  instructions. 
Fitting  a FORTRAN  compiler  to  accept  a set  of  keyword  identifiers  for 
vector  operations  and  perform  the  translation  to  their  machine  code 
equivalents  is  expected  to  be  an  easily  performed  task. 
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The  second  software  item  may  not  be  as  easily  provided  as  an 
extended  compiler.  Optimizing  software  is  required  to  parallelize 
programs  (Refs.  4.89,  4.135,  and  3.136).  Existing  aerodynamic  programs 
are  scalar,  and  the  programs  to  be  written  in  the  near  future  will 
likely  reflect  the  novelty  of  parallel  programming.  What  appears 
necessary  is  a parallelizing  precomplier  which  transforms  serial  or 
partially  parallel  programs  into  their  highly  parallelized  forms.  The 
output  should  be  in  the  high  level  language  so  that  the  precompiler 
serves  tutorially  as  well  as  in  the  role  of  production  tool. 

CoJitOAM.  advanaeA  -in  ka/Ldm/ie.  and  aJio.  Ao^qixJJitd  to  addA.ii66 

a 0^  mejanXng^al  computationaC  aeAodynanu.c6  pAobi.2m&.  Thd 

tdcknoZogy  to  coyu>tMict  ^uah  a aomputeA  appeaA6  to  b&  moAe  advanced 
than  tko.  poAoLtoZ  ^oltiMAn, 

4.3.3  Alternatives  in  Computing  Facilities 

It  is  clear  that  a completely  satisfactory  computer  for  the 
solution  of  computational  aerodynamics  problems  has  not  yet  been 
designed.  In  this  section,  the  avenues  to  developing  a computational 
aerodynamics  computing  facility  will  be  discussed. 

4. 3. 3.1  General  Strategy 

The  general  strategy  outlined  here  will  be  recognized  as  a rather 
cautious  approach  but  also  as  an  optimistic  approach.  The  computational 
aerodynamics  computer  is  of  a Ijighly  specialized  design,  expected 
to  have  little  applicability  beyond  the  aerodynamic  field.  The 
computational  aerodynamics  computer  will  not  be  mass  produced.  Perhaps 
as  many  as  four  or  as  few  as  one  will  be  constructed,  so  that  the 
development  costs  cannot  be  recovered  in  distributed  fashion  over  a 
large  production  run.  The  computational  aerodynamic  computer  will  be 
executing  programs  based  on  algorithms,  numerical  techniques,  models, 
and  theoretical  relations  which  have  not  yet  been  rigorously  tested 
in  the  computing  environment.  The  computational  programs  currently 
available  appeal  only  to  certain  segments  of  the  aerodynamic  community. 
Differences  in  the  approaches  (l.e.,  the  models,  the  theory  and 
the  numerical  techniques  embodied  in  the  program)  could  profoundly 
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affect  the  design  of  the  aerodynamics  computer.  The  computational 

aerodynamic  computer  requires  certain  technological  advances.  Traditionally, 

computers  are  marketed  with  five-year-old  technology.  It  is  necessary 

to  freeze  the  design  early  in  the  development  phase  and  the  technology 

must  be  reasonably  proven  at  that  point  in  time.  Dependence  on  exotic 

or  unproven  technologies  is  an  open  invitation  to  disaster.  Finally, 

the  computational  aerodynamics  computer  system  will  be  expensive  to 

design  and  construct.  A cost  of  $100M  is  not  inconceivable.  The 

strategy  to  be  outlined,  though  conservative,  can  be  expected  to 

deliver  a computational  aerodynamic  computing  facility  within  ten 

years  and  with  reasonably  expectation  of  utility. 

The  essential  features  of  this  recommendation  are  depicted  in 
Figure  4.11.  In  the  figure,  three  parallel  paths  of  Improvements  are 
identified.  The  primary  path  leads  to  the  advanced  computational 
aerodynamic  computer  and  is  recognized  to  be  an  evolutionary  path. 

It  is  proposed  that  existing  computational  algorithms  employing 
existing  software  be  utilized  to  perform  computational  aerodynamics 
problems  using  a contemporary,  fast  serial  computer.  The  machine 
should  be  operated  in  a dedicated  environment  with  large  execution 
times  expected.  As  confidence  in  the  computational  procedures 
accumulates,  the  path  leads  to  the  use  of  a (then)  contemporary  parallel 
computer.  It  should  be  emphasized  that  a minimum  of  hardware  development 
be  included  through  the  parallel  computation  step.  These  steps  are 
for  the  primary  purpose  of  initiating  and  supporting  the  other  two 
evolutionary  paths. 

Experimentation  with  machine  architecture  other  than  those  currently 
available  can  be  accomplished  by  emulating  the  new  architecture  on 
a suitable  current  machine.  The  emulation  will  execute  slowly  but 
affords  the  user  the  cheapest  access  to  (apparently)  special  purpose 
architectures  (Ref.  4.136).  This  experimentation  should  Include 
not  only  various  physical  machine  structures,  but  also  various 
problem  formulations.  Lomax  (Ref.  4.102)  suggests  that  problem 
reorganization,  while  destroying  the  apparent  orderliness,  may  produce 
a very  efficient  computer  program.  For  successful  development  of 
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Fig.  4.11  Development  Strategy  for  Computational 
Aerodynamics  Facility 
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special  purpose  computers , the  mutual  Interaction  of  machine  and  problem 
Is  inescapable. 

The  aerial  computation  may  be  expected  to  reveal  problems  and 
deficiencies  in  the  current  computational  aerodynamic  procedures. 
Simultaneous  with  the  improvenlent  of  the  algorithms,  development  should 
begin  on  the  parallel  processing  software  essential  to  the  execution 
of  computational  aerodynamic  algorithms  on  parallel  computers.  As  is 
apparent  from  Fig.. 4.11,  this  procedure  of  upgrading  the  computational 
algorithms  and  the  parallel  software  is  viewed  as  a highly  interactive 
and  coordinated  effort.  Particular  care  must  be  exercised  to  ensure 
that  a broad  (if  not  inclusive)  segment  of  the  computational  aerodynamics 
population  is  included  in  the  serial  and  parallel  performance  studies. 

Hopefully,  a concensus  as  to  the  performance  characteristics  for 
the  computational  aerodynamic  computer  can  be  realized  . From  this 
concensus  a comprehensive  set  of  design  (l.e.,  performance)  specifications 
can  be  prepared.  There  are  several  quite  different  ways  to  progress 
from  the  design  specifications  to  the  advanced  computational  aerodynamic 
computer  system.  Basically,  the  question  to  be  answered  is  who  will 
perform  the  work.  It  is  evident  that  the  financing  will  be  by  the 
government  in  any  case.  It  should  also  be  realized  that  the  serial 
and  parallel  performance  studies  would  not  only  be  funded  by  the 
government,  but  quite  possibly  would  be  conducted  under  government 
supervision  as  well.  Three  important  factors  necessitate  close 
government  supervision;  1)  the  large  expense  of  the  project,  2)  the 
diversity  of  the  interested  groups,  and  3)  the  potential  benefit  to 
the  national  interest. 

The  question  of  who  will  perform  the  work  is  best  approached  by 
considering  the  nature  of  the  governmental  supervision.  The  govern- 
ment may  1)  purchase  a suitable  computer  developed  by  a private 
concern,  2)  engage  a private  concern  to  design  and  build  the  advanced 
computer,  or  3)  engage  several  private  concerns  to  design  the  advanced 
computer,  with  one  of  the  designs  to  be  selected  for  construction.  Each 
of  these  philosophies  will  be  discussed  in  subsequent  paragraphs.  Direct 
design  and  construction  of  the  advanced  computer  by  a government  agency 
has  not  been  considered  probable  or  advantageous. 
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4 . 3 . 3 . 2 Private  Development 

Of  the  three  approaches,  this  is  the  least  probable.  Traditionally, 
computers  have  been  developed  by  private  concerns.  However,  the  market 
expectations  have  been  far  larger  than  those  anticipated  for  a highly 
specialized  computer  for  computational  aerodynamics . From  one  to  four 
of  the  machines  may  be  constructed,  and  the  development  costs  portend 
to  be  quite  large.  Few  computer  manufacturers  could  afford  such  a 
risk  for  a special  purpose  machine.  It  is  likely  that  new  breakthroughs 
in  general  purpose  computers  will  be  announced  during  the  next  decade 
by  various  computer  manufacturers.  The  probability  of  such  a machine 
adapting  to  computational  aerodynamics  problems  is  a matter  for  con- 
jecture, but  recall  that  the  operating  requirements  for  computational 
aerodynamics  are  quite  demanding  (e.g.,  computational  speed,  memory 
capacity,  memory  access  speed,  etc.).  Note  also  that  for  various 
reasons  "new"  computers  are  evolutions  of  "old"  computers,  and  upward 
compatabllity  becomes  the  key  design  goal. 

4 . 3 . 3 . 3 Government  Development 

This  procurement  philosophy  places  a single  computer  manufacturer 
under  the  direct  supervision  of  a government  agency.  Government  and 
business  Interact  closely  throughout  the  design  and  construction  of 
the  computational  aerodynamics  computer.  In  fact,  government  employees 
will  probably  make  or  approve  all  of  the  key  design  decisions.  These 
design  decisions  are  crucial  to  the  success  of  the  facility,  since 
decisions  contrary  to  the  needs  of  computational  aerodynamicists  would 
be  disastrous.  If  this  option  is  selected,  and  it  is  a good  selection 
for  many  reasons,  it  is  strongly  recommended  that  a panel  of  nationally 
recognized  experts  representing  the  many  diverse  viewpoints  in 
computational  aerodynamics  be  appointed  to  periodically  review  the 
progress  of  the  design. 

4. 3. 3. 4 Subsidized  Competitive  Development 

The  procurement  philosophy  outlined  here  is  something  of  a hybrid 
of  the  preceding  two  developmental  approaches . From  a request  for 
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proposal  (RFP)  published  by  a government  agency,  private  companies 
prepare  proposals  outlining  the  details  and  costs  of  the  computer  design. 
Several  companies  would  be  selected  to  prepare  detailed  designs  from  their 
proposed  conceptual  design.  Thus,  several  companies  would  be  indepen- 
dently working  on  the  technological  advances  deemed  essential  to  the 
computational  aerodynamics  computer.  At  the  conclusion  of  the  period 
alloted  for  the  detailed  design,  the  companies  having  achieved  this 
milestone  would  be  invited  to  submit  proposals  for  the  construction  of 
prototype  computers.  Only  the  most  promising  design/ const ruction 
proposal  would  be  funded.  It  is  speculated  that  perhaps  two  competing 
designs  would  be  fabricated.  As  each  machine  became  operational,  it 
would  be  benchmarked  using  the  computational  aerodynamic  programs  which 
evolved  during  the  parallel  processing  phase  of  the  development  program. 
The  superior  machine  would  be  selected  for  further  development  (if 
necessary)  and  the  selected  company  would  begin  fabrication  of  additional 
computers.  This  approach,  entirely  funded  by  the  government,  would 
be  more  expensive  than  either  of  the  other  two  procurement  philosophies. 

It  is  expected  to  produce  a superior  computer  in  the  same  fashion  that 
this  selection  procedure  is  employed  in  the  selection  of  advanced 
fighter  aircraft  (e.g.,  the  fly-off  comparison  of  the  YF-15  and  YF-16 
using  the  F-5  to  simulate  Russian  tactics) . 

4. 3. 3. 5 The  Operating  Environment 

One  of  the  three  aforementioned  procurement  strategies  will  produce 
a computational  aerodynamics  computer.  Government  ownership  and  operation 
will  be  necessary  because  of  the  expense.  However,  the  operation  of 
the  computer  is  as  critical  as  the  instrument  itself.  The  national 
computing  facility  concept  will  be  viable  to  computational  aerodynamicists 
only  if  it  is  available  to  all  who  require  this  service.  It  is  not 
expected  to  be  a free  service,  but  it  is  expected  that  charges  would 
be  based  only  on  the  operating  expenses.  The  actual  operation  may  be 
handled  directly  l^y  a government  agency,  or  by  a contractor  under  the 
supervision  of  a government  agency.  These  modes  of  operation  are  not 
dissimilar  to  those  employed  at  the  various  govetnment-owned  wind 
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tunnel  facilities.  However,  the  facility  should  not  be  operated  and 
dominated  by  any  of  the  users  or  the  operating  agency.  A service 
concept  is  desired. 

Like  the  wind  tunnels,  the  computing  facility  must  be  dynamic. 

The  computing  facility  must  continually  improve  procedures  and  equipment. 
Improvements  to  numerical  methods,  modeling  techniques,  and  theory 
should  be  widely  distributed.  Continued  development  of  parallel 
processing  software  will  certainly  be  required. 

4. 3. 3. 6 Impact  on  Aerodynamics 

It  is  clear  that  neither  the  experimental  aerodynamlclsts  nor  the 
computational  aerodynamlclsts  are  capable  of  designing  air  vehicles 
from  their  own  devices  exclusively.  In  point  of  fact,  neither  is 
likely  to  reach  the  point  of  describing  true  aerodynamic  behavior 
independently  of  the  other. 

The  recommended  procedure  envisions  these  two  disciplines 
together,  since  both  are  attempting  to  produce  the  same  result — 
accurate  design  data.  Although  somewhat  idealistic  at  present  since 
advances  in  both  the  experimental  and  computational  disciplines  are 
clearly  necessary,  the  following  air  vehicle  test  procedure  is 
suggested.  1)  Perform  model  tests  in  the  wind  tunnel.  2)  Perform 
computations,  using  the  advanced  computational  aerodynamics  computer, 
on  the  flow  field  surrounding  the  model  with  wind  tunnel  boundary 
conditions.  3)  Compare  the  experimental  and  computational  results, 
making  such  adjustments  as  are  necessary  and  justified.  4)  Generate 
the  design  data  using  the  computer  with  in-flight  boundary  conditions 
applied  to  the  full  scale  air  vehicle.  5)  Compare  the  design  data 
with  flight  test  data  after  construction  of  the  vehicle. 

While  this  program  of  producing  design  data  is  reasonably  self- 
explanatory,  several  comments  are  appropriate.  First,  by  performing 
computations  based  on  the  model  in  the  wind  tunnel,  the  experimental 
facility  is  relieved  of  the  burden  of  exactly  duplicating  in-flight 
conditions.  For  example,  the  quest  for  a Reynolds  number/Mach  number 
match  would  be  eliminated.  To  be  sure,  improvements  in  flow  quality 
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shock  capture,  etc.  will  still  be  advantageous.  Second,  capricious 
alteration  of  numerical  modeling  parameters  to  produce  a match  with 
experimental  data  must  be  avoided.  Step  (3)  of  the  above  procedure 
entails  a critical  examination  of  both  experimental  and  computational 
procedures  whenever  disagreement  in  the  data  is  present.  This  is 
the  critical  step.  Third,  the  flight  test  data  should  be  used  to  verify 
and  Improve  both  the  experimental  and  the  computational  methods.  Finally, 
the  central  theme  of  this  study  has  not  been  "computers  versus  wind 
tunnels,"  but  rather  "computers  and  wind  tunnels."  This  algorithm 
for  air  vehicle  design  is  one  example  of  a cooperative  enterprise 
involving  both  the  computer  and  the  wind  tunnel. 

The  future  of  computational  aerodynamics  is  Indeed  bright.  Computer 
technology  and  architectural  advances  portend  the  construction  of  a 
machine  suitable  to  meaningful  aerodynamics  computations  within  five 
years.  However,  this  is  really  only  a beginning  since  the  frontiers 
of  more  complex  aerodynamics  problems,  of  greater  computational  accuracy, 
and  of  reduced  execution  times  will  yet  lie  ahead.  These  frontiers 
are  varied,  as  are  the  aerodynamlcists  exploring  them.  The  crucial 
factor  is  open  communication  and  cooperation.  The  potential  lines  of 
communication  within  the  aerodynamics  area  are  shown  in  Fig.  4.12. 

To  lo&toA  tkd  aomrnafu.aatcon  and  coopeAotion  &66ential  to  paog^eAA 
tn  computational  and  cxpe/UmcntaZ  aeAodc/namic6 , an  annual  coni^e/ccnac 
■6pon6oAcd  by  the  aeto dynamics  -iocU&tce^  tn  cooperation  wtth  tnt&ae&tcd 
goveanment  agcncta  be  conducted  on  the  theme  "computer  and  Mind 
tunneli."  The  thru&t  o{,  tkU  technical  meeting  should  be  the  mutual 
interaction  o^  computation,  experiment,  and  computers  06  a unified 
topic. 

The  development  o^  a computational  aerodynamic  computer  6y6tem  6hould 
be  orderly  and  6y6tematic.  Current  6cienti^ic  computers  6hould  be 
U6ed  to  verify  and  improve  computational  procedures  and  should  be  used 
to  simulate  the  performance  of  proposed  advanced  computer  architecture 
prior  to  the  implementation  of  a computer  design. 

Computing  systems  should  be  made  available  to  the  entire  aero- 
dynamics community.  Current  scientific  computers  should  be  made 
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COMPUTER 


Fig.  4.12  Information  Transfer  Diagram  for 
Computational  Aerodynamics 
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avcUZabZe.  cu>  6oon  cu,  po.i>6'ibl^  {^on.  tha  ve/U^Xacutcon  and  simulation 
studios  mzntionzd  above.  The  advanced  computeAS  should  also  be  Midely 
accessible  to  iostefi  {^uAthen.  developments  tn  computational  aetodynamtcs . 

Government  operation  and  ownership  o^  the  advanced  computational 
aerodynamics  computing  facilities  seems  Inevitable  from  a financial 
point  of  view.  It  Is  strongly  recommended  that  these  facilities 
remain  free  of  domination  by  government  agencies  to  preclude  the 
exclusion  of  any  sectors  of  the  computational  aerodynamics  field. 

The  development  of  softcore  suitable  both  to  the  machine  and  to 
the  programmer  Is  as  crucial  as  the  machine  design  Itself.  A vector 
high  level  language  and  a vectorizhjg  precompiler  should  be  developed 
to  Suit  the  advanced  computer  and  the  problem. 

An  annual  workshop  on  the  topic  of  computers  and  wind  tunnels 
should  be  conducted  by  Interested  government  agencies,  such  as  ATOSR, 

In  cooperation  with  the  aerodynamics  societies.  The  thrust  of  this 
technical  meeting  should  be  the  mutual  Interactions  of  computation, 
experiment,  and  computers  as  a single  topic. 
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Appendix  VI  Operations  Required  for  Solution 

of  Tridiagonal  System  by  Recursion 
Algorithm  (Ref.  4.30  ). 


ENTER 


) 


^1- 

\ ■ 

"l 

Definitions;  a^,bj^,c^,d^  Tridiagonal  Coefficients 


1 = 2 


1 : n 


1 = i + 
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(d 


^i  = 


^1  - ^i^i-l 


'W 


'^n  = 

^n 

/ 

n-1  \ 

( 

‘ > 

V_i  = 

.i-l/ 

Intermediate  Recursion  Coefficient 


n Order  of  System 


Analysis : 


Operations  Required 


Process 


• Sub.  Mul.  Div. 


© 

© 
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n-1 

n-1 

n-1 

n-1 

n-1 

n-1 

n-1 

n-1 

n-1 

’ For  n >>  1,  Total  Number  of  operations 
Required  is  approximately  9n. 


Note:  Only  operations  within  loops  are 
counted  to  simplify  analysis. 
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2.  3:00 — Panel  Progress  Presentations  and  Discussions 

WEEK  3 

Monday,  June  27 

AM  1.  9:00 — "Computational  and  Experimental  Aerodynamic  Data  In 

the  Design  of  Aircraft"  Dr.  Larry  daCosta,  Boeing 

PM  1.  Working  Panel  Sessions 


Tuesday,  June  28 

AM  1.  9:00 — "Status  of  Advanced  Techniques  In  Computational  Aero- 

dynamics and  the  Next  Major  Step"  Dr.  Victor  Peterson,  NASA-Ames 

PM  1.  1:30 — "Future  Computer  Capabilities"  Dr.  F.  R.  Bailey,  NASA-Ames 


Wednesday,  June  29 

AM  1.  Working  Panel  Sessions 

PM  1.  Working  Panel  Sessions 


Thursday,  June  30 


AM  1.  Working  Panel  Meeting 
PM  1.  Working  Panel  Meeting 
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Friday,  July  1 

AM  1.  Working  Panel  Meetings 

PM  1.  Working  Panel  Meetings 

2.  Presentation  of  Working  Panel  Reports 

WEEK  4 

Tuesday,  July  5 

AM  1.  Working  Panel  Meeting 

PM  1.  Working  Panel  Meeting 

Wednesday,  July  6 

AM  1.  9:00 — Control  Data  Corporation:  Mr.  Dick  McHugh 

PM  1,  Working  Panel  Meeting 

Thursday,  July  7 

AM  1.  Institute  for  Advanced  Computation:  Mr.  Thomas  Wachowski 
PM  1.  Working  Panel  Meeting 

Friday,  July  8 

Am  1.  9:00--"Experiences  in  Experimental  and  Computational  Aerodynamics" 
Dr.  Raimo  Hakkinen,  McDonnell-Douglas 

PM  1.  Working  Panel  Meeting 

2.  3:00 — Presentation  of  Working  Panel  Reports 

WEEK  5 

Monday,  July  11 

AM  1.  Cray  Research,  Inc.:  Dr.  Richard  Hendrickson,  Dr.  Charles  Puglisi, 
and  Dr.  Richard  Russell 

PM  1.  Working  Panel  Meetings 
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Tuesday,  July  12 

AM  1.  Goodyear  Aerospace  Corporation:  Mr.  Wayne  Brubaker 
PM  1.  Working  Panel  Meetings 

Wednesday,  July  13 

AM  1.  Review  of  panel  presentations  for  Steering  Committee 
PM  1.  Working  Panel  Meetings 

Thursday,  July  14 

AM  1.  Presentation  of  a review  of  a technical  report  by  a Summer 
Study  Participant 

PM  1.  Working  Panel  Meeting 


Friday,  July  15 

AM  1.  Lockheed-Georgia  Company:  Mr.  Jack  Patterson 

PM  1.  Working  Panel  Meeting  and  review  of  progress  report  presentation 


Sunday,  July  17 

7:30  p.m. : Presentation  of  Progress  Report  to  Steering  Committee 

a.  Technical  Director 

b.  Working  Panel  Chairmen 


WEEK  6 

Monday,  July  18 

AM  1.  Meetings  with  Steering  Committee 
PM  1.  Meetings  with  Steering  Committee 


Tuesday,  July  19 

AM  1.  "Techniques  and  Effectiveness  of  Programming  Strategies  for 
High  Speed  Computers"  Dr.  D.  H.  Lawrle,  University  of 
Illinois,  Urbana,  Champaign 

PM  1.  Working  Panel  Meeting 
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Wednesday,  July  20 

AM  1.  Presentation  of  a review  of  a technical  report  by  a Summer 
Study  Participant 

PM  1.  Working  Group  Meeting 

2.  Review  of  Steering  Committee  Recommendations 

Thursday.  July  21 

AM  1.  Schedule  review  meeting  reassignment  of  membership  in 
working  panels 

PM  1.  Working  Panel  Meeting 
Friday.  July  22 

AM  1.  9:00 — Presentation  of  a review  of  a technical  report  by 

a Summer  Study  Participant 

2.  Working  Panel  Meeting 

PM  1.  Presentation  of  new  working  panel  schedules  and  study  plans 
WEEK  7 

Monday.  July  25 

AM  1.  9:00 — Presentation  of  a review  of  a technical  report  by 

a Summer  Study  Participant 

PM  1.  Working  Panel  Meeting 

Tuesday,  July  26 

AM  1.  BMDATC-P:  Mr.  Joe  McKay 

Systems  Development  Corporation:  Mr.  Hiram  Martin 

PM  1.  Working  Panel  Meeting 

Wednesday,  July  27 

AM  1.  Wright  Patterson  Air  Force  Base:  Dr.  Thomas  Weeks 
2.  Working  Panel  Meeting 

PM  1.  Working  Panel  Meeting 
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Thursday,  July  28 

AM  1.  Burroughs,  Inc.:  Mr.  Gordon  Stout  and  Mr.  W.  Johnwon 
PM  1.  Working  Panel  Meeting 

Friday,  July  29 

AM  1.  Presentation  of  a review  of  a technical  report  by  a Suramer 
Study  Participant 

PM  1.  Presentation  of  Draft  Outline  of  Report  by  Working  Panel 

WEEK  8 

Monday,  August  1 

AM  1.  Presentation  of  a review  of  a technical  report  by  a Summer 
Study  Participant 

PM  1.  Working  Panel  Meetings 

Tuesday,  August  2 

AM  1.  Presentation  of  local  resource  speakers  selected  by  a 
working  panel 

PM  1,  Working  Panel  Meeting 

Wednesday,  August  3 

AM  1.  Presentation  of  a review  of  a technical  report  by  a 
Summer  Study  Participant 

PM  1.  Working  Panel  Meeting 

Thursday,  August  4 

AM  1.  Presentation  of  a review  of  a technical  report  by  a 
Summer  Study  Participant 

PM  1.  Working  Panel  Meetings 


260 


Course  Outline 
Page  8 


Friday,  August  5 (First  Draft  of  Final  Report  Due) 

AM  1.  Working  Panel  Meetings 
PM  1,  Working  Panel  Meetings 

WEEK  9 

Monday,  August  8 

AM  1.  Presentation  of  a review  of  a technical  report  by  a 
Summer  Study  Participant 

PM  1.  Review  of  First  Draft  Reports  Due 
Tuesday,  August  9 

AM  1.  Presentation  of  local  resource  speaker  selected  by  a 
working  panel 

PM  1,  Working  Panel  Meeting 
Wednesday,  August  10 

AM  1,  Presentation  of  a review  of  a technical  report  by  a 
Summer  Study  Participant 

PM  1.  Working  Panel  Meetings 
Thursday,  August  11 

AM  1.  IBM  of  New  York:  Dr.  George  Paul 
PM  1.  Panel  Reviews  of  Draft  Report 

Friday,  August  12 

AM  1.  Presentation  of  a review  of  a technical  report  by  a 
Summer  Study  Participant 

PM  1.  Submittal  of  reviews  of  Second  Draft  of  Report 


261 


Course  Outline 
Page  9 

WEEK  10 

Monday,  August  15 
AM  1.  Panel  Meeting 
PM  1.  Panel  Meeting 

Tuesday,  August  16 
AM  1.  Panel  Meeting 
PM  1.  Panel  Meeting 

Wednesday,  August  17 

AM  1.  Review  of  Final  Reports  by  Panel 
PM  1.  Review  of  Final  Reports  by  Panel 

2.  Practice  of  Presentation  for  Steering  Committee 

Thursday,  August  18 

AM  1.  Formal  Presentation  to  Steering  Committee 
PM  1.  Critique  of  Report  by  Steering  Committee 

Friday,  August  19 

AM  & PM  Corrections  of  Report  by  Panel 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  373B8 

Graduate  Education,  Research,  Pastdactoral  Study 
and  Cantinuing  Education  in  the  Aerospace  Sciences 

UTSI-HOSTED 

AFOSR  SUMMER  STUDY  DESIGN  LECTURE 

"Scientific  Computing,  Vector  Processing, 
and  Outlook" 

by 

Dr . George  Paul 

Dr.  George  Paul,  Industry  Administrator  for  Scientific  Computing 
with  IBM  in  New  York,  will  present  a lecture  to  the  AFOSR  Summer 
Study  Participants  on  Thursday,  August  11,  1977  at  9:00  a.m.  Dr.  Paul 
obtained  his  B.  S.  in  Mathematics  from  Rice  University  as  well  as  his 
Ph.D.  in  Electrical  Engineering  from  Rice.  An  outline  of  his  lecture 
is  as  follows: 

1.  Scientific  Performance 

2.  Performance  Measurements 

3.  Future  Trends 

4.  Design  Principles 

5.  Vector  Architecture 

6.  High  Level  Language  Support 

7 . Restructuring 

8.  Compact  Technology  Trends 


LECTURE  DATE:  Thursday,  August  11,  1977,  9:00  a.m. 

LECTURE  PLACE:  UTS I Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduate  Educotian,  Research.  Postdoctorol  Study 
and  Cantinuing  Educotion  in  the  Aerospoce  Sciences 

UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 
by 

Mr.  G.  Stout 
Mr.  W.  Johnson 

A lecture  presented  by  Mr.  G.  Stout  and  Mr.  W.  Johnson  of 
Burroughs  Corporation  Is  scheduled  for  Thursday,  July  28,  1977  at 
9:00  a.m.  in  the  Short  Course  Room  at  UTSI.  The  two  gentlemen  will 
give  an  overview  of  possible  solutions  to  the  high-speed  computation 
problem.  A review  of  BSP  (Burroughs  Scientific  Processor)  will  also 
be  given.  The  Burroughs  Corporation  is  a contractor  to  NASA-Ames 
for  the  initial  study  on  the  Computational  Fluid  Dynamics  machine. 
Anyone  who  is  interested  is  invited  to  attend  the  lecture. 


LECTURE  DATE: 
LECTURE  PLACE: 


Thursday,  July  28,  1977,  9:00  a.m. 
UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduate  Education,  Research,  Postdoctoral  Study 
and  Continuing  Education  in  the  Aerospace  Sciences 

UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 
by 

Dr . Thomas  Weeks 

Dr.  Thomas  Weeks  of  Wrlght-Patterson  Air  Force  Base  In  Ohio 
will  present  a lecture  at  UTSI  on  Wednesday,  July  27,  1977  at 
9:00  a.m.  Dr.  Weeks  will  discuss  the  following  topics:  transonic 
wind  tunnel  adaptive  wall,  Reynolds  number  sensitive  phenomena, 
and  procedures  for  extrapolating  wind  tunnel  tests  to  flight  Reynolds 
numbers,  as  well  as  the  Flight  Dynamics  Laboratory  experience  with 
some  of  the  aerodynamic  computational  codes.  Anyone  who  is  Interested 
Is  Invited  to  attend  the  lecture. 


LECTURE  DATE;  July  27,  1977  (Wednesday),  9:00  a.m. 
LECTURE  PLACE:  UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduate  Educatian,  Research,  Pastdactaral  Study 
and  Cantinuing  Educatian  in  the  Aerospace  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 
"Parallel-Element  Processing  Ensemble  (PEPE)'^ 

by 

Mr.  J.  M.  McKay 
Mr.  H.  G.  Martin 

The  associative  parallel  array  concept  will  be  developed  and 
the  current  architecture  will  be  presented.  The  unique  features  of 
the  architecture  and  the  impact  of  these  features  on  applications 
and  application's  software  will  be  emphasized.  The  parallel  Fortran 
(PFOR)  language  that  has  been  developed  along  with  complete  support 
software  system  will  be  presented.  Emphasis  in  the  software  area 
will  be  on  the  software  tools  and  programming — methods  that  will  allow 
the  potential  user  to  utilize  the  inherent  computing  power  of  the 
machine.  Various  classes  of  applications  benchmarks  will  be  discussed 
and  performance  data  taken  from  the  current  hardware  given. 

A *****  A 

Mr.  J.  M.  McKay  is  the  PEPE  Project  Manager  at  BMD-ATC  in 
Huntsville,  Alabama.  Mr.  H.  G.  Martin  is  in  the  Data  Processing 
Division  of  System  Development  Corporation. 


LECTURE  DATE;  Tuesday,  July  26,  1977,  9:00  a. m. 
LECTURE  PLACE:  UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduate  Education,  Research.  Postdoctoral  Study 
and  Continuing  Education  in  the  Aerospace  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"Techniques  and  Effectiveness  of  Programming  Strategies 
for  High  Speed  Computers" 

by 

Dr.  D.  H.  Lawrie 

Dr.  D.  H.  Lawrie  will  present  a lecture  surveying  various  tech- 
niques used  to  take  advantage  of  high  speed  (parallel  and  pipeline) 
computers.  Program  loop  distribution  (vectorizing)  and  algorithms 
for  the  solution  of  recurrence  relations  will  be  discussed,  as  well 
as  some  results  of  our  efforts  to  restructure  programs  automatically. 
These  techniques  will  be  related  to  specific  architectural  features 
in  order  to  give  an  overall  assessment  of  effectiveness. 

******* 

Dr.  Duncan  H.  Lawrie  is  an  Assistant  Professor  in  the  Department 
of  Computer  Science  at  the  University  of  Illinois,  Urbana-Champaign. 


LECTURE  DATE:  Tuesday,  July  19,  1977,  9:00  a.m. 

LECTURE  PLACE:  UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37380 

Gradutite  Eclucatian,  Research,  Postdoclaral  Study 
and  Continuing  Education  in  the  Aerospace  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"Parallel  Processing — An  Approach  to  Large  Scale 
Numerical  Problem  Solution  in  Real  Time" 

by 

Mr.  M.  W.  Brubaker 
Mr.  J.  T.  Franks 

Mr.  M.  W.  Brubaker  and  Mr.  J.  T.  Franks  of  the  Goodyear  Aerospace 
Corporation  will  present  a lecture  to  AFOSR  Summer  Study  Participants 
on  Tuesday,  July  12,  1977.  The  lecture  will  involve  a brief  introduction 
to  Goodyear  Aerospace  Corporation  and  its  history,  as  well  as  the 
STARAN  Parallel  Processor.  The  background,  concept,  and  features  of 
the  STARAN  will  be  discussed.  Also  on  the  agenda  are  discussions  on 
advanced  development  programs  concerning  the  STARAN,  such  as  the 
Byte-Oriented  STARAN  and  the  parallel  pipelined  STARAN,  Anyone 
interested  in  this  lecture  is  Invited  to  attend. 


LECTURE  DATE:  Tuesday,  July  12,  1977,  9:00  a.m, 

lecture  PLACE:  UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

rULLAHOMA.  TLNNnSSEE  :r;388 

Graduote  Education,  Resaorch,  Postdoctoral  Study 
and  Continuing  Educotion  in  the  Aerospoce  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"CRAY  I Vector  Processor  and 
Future  Developments" 

by 

Dr.  Richard  Hendrickson 
Dr.  Charles  Puglisi 
Dr.  Richard  Russell 

Cray  Research,  Inc.  was  founded  in  1972  by  Seymour  Cray, 
principal  architect  of  the  CDC  7600  and  other  computers.  CRI's 
CRAY  I Vector  Processor  has  been  accepted  as  a powerful  tool  by 
the  Weather  Forecast  and  Research  and  Nuclear  Research  Committees. 
It  Is  clear  that  CRAY  I architecture,  especially  its  capabilities 
for  "chaining"  has  great  potential  for  wind  tunnel  applications 
and  aerodynamics  research.  Anyone  interested  may  attend  the 
lecture. 


LECTURE  DATE:  Monday,  July  11,  1977,  9:00  a. m. 

LECTURE  PLACE:  UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduate  Educatian,  Research.  Pastdactaral  Study 
and  Continuing  Educatian  in  the  Aeraspace  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"Experiment  vs.  Computation  in  Fluid  Dynamics — 
Competition  or  Corroboration?" 

by 

Dr.  R.  J.  Hakkinen 


The  Interaction  between  computation  and  experiment  in  fluid  dynamics 
will  be  Illustrated  by  examples  Involving  transonic  flow,  viscous- 
inviscid  Interactions  and  turbulent  entrainment  phenomena.  The  unresolved 
conflicts  between  computational  and  experimental  results  in  some  cases, 
and  the  dependence  of  numerical  schemes  on  empirical  information  in 
others,  point  out  the  continued  need  for  close  cooperation  between 
numerical  analysis  and  experimentalists.  Since  the  issues  of  concern 
are  often  of  a rather  fundamental  nature,  they  also  offer  good  opportu- 
nities for  research  projects  applicable  to  the  validation  of  new 
computational  techniques. 


******* 


Dr.  Ralmo  J.  Hakkinen,  a native  of  Helsinki,  Finland,  graduated 
with  honors  from  the  Technical  University  of  Finland  with  a degree 
in  Aeronautical  Engineering.  He  then  went  on  to  obtain  both  his 
Master's  Degree  and  his  Ph.D.  in  Aeronautics  from  the  California  Institute 
of  Technology.  He  is  currently  with  McDonnell-Douglas  Corporation. 

As  Chief  Scientist-Flight  Sciences  at  the  McDonnell-Douglas  Research 
Laboratories  since  1970,  Dr.  Hakkinen  directs  research  in  transonic, 
high-lift  and  internal  fluid  dynamics , aerodynamic  noise  and  arc  heater 
technology.  In  addition.  Dr.  Hakkinen  is  serving  McDonnell-Douglas 
Corporate  Engineering  as  Aero thermodynamics  technology  coordinator. 

Dr.  Hakkinen  has  also  been  associated  with  such  universities  as 
Massachusetts  Institute  of  Technology,  UCLA,  and  California  Institute 
of  Technology.  He  is  active  in  several  professional  societies,  such 
as  the  AIAA.  Dr.  Hakkinen  is  the  author  of  numerous  publications. 


LECTURE  DATE;  Friday,  July  8,  1977,  9:00  a.m. 
LECTURE  PLACE;  UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduate  Education.  Research.  Pastdactaral  Study 
and  Continuing  Education  in  the  Aerospace  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"Probable  Trends  in  High  Performance 
Computing  In  the  1980-1990  Era" 

by 

Mr.  David  Stevenson 


Frequently  occurring  patterns  of  computation  In  large  scale 
scientific  computing  Include  vector  operations,  case  statements,  and 
event  driven  simulation.  The  way  these  patterns  are  coded  on  today's 
high  performance  computer  architectures  (such  as  a multiple  functional 
unit  processor,  an  array  processor,  and  a pipelined  arithmetic  unit) 
reveals  the  limitations  of  the  various  approaches  to  high  speed  computing 
and  suggests  possible  evolutions  In  these  architectures.  Current 
Ideas  and  dlscernable  trends  in  hardware  component  technology,  soft- 
ware engineering  and  systems  design  indicate  which  of  the  possible 
developments  are  likely  to  be  the  most  profitable.  Several  examples, 
depending  upon  the  interests  of  the  study  group,  will  be  treated 
in  depth  to  Illustrate  the  possible  impact  of  these  trends  on  large 
scale  computing  systems  of  the  1980 's  and  beyond. 


******* 


David  Stevenson  Is  Manager  of  the  Advanced  Studies  Department 
of  the  Institute  for  Advanced  Computation,  NASA/ Ames.  He  did  graduate 
work  In  mathematics  at  the  University  of  Oregon  and  in  computer  science 
at  Carnegle-Mellon  University  before  joining  the  Institute  In  1975. 

The  Institute  maintains  the  ILLIAC  IV  computer,  a large,  sophisticated 
array  processor. 


LECTURE  DATE:  Thursday,  July  7,  1977  at  9:00  a.m. 

LECTURE  PLACE:  UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduate  Educatian,  Research.  Pastdactaral  Study 
and  Cantinuing  Educatian  in  the  Aerospace  Sciences 

UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"New  Computer  Architectural  Concepts  for 
Super  Computers" 

by 

Mr.  Dick  McHugh 

Mr.  Dick  McHugh  of  Control  Date  Corporation  in  Boulder,  Colorado, 
will  present  a lecture  to  the  AFOSR  Summer  Program  Participants  and 
all  interested  persons  on  Wednesday,  July  6,  1977.  The  lecture  will 
deal  with  the  design  philosophy  of  the  new  STAR  lOOC  Computer. 


LECTURE  DATE:  Wednesday,  July  6,  1977,  9:00  a.m. 

LECTURE  PLACE:  UTSI  Short  Course  Room 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduate  Educatian,  Research,  Pastdoctoral  Study 
and  Continuing  Education  in  the  Aerospace  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"Application  of  Aerodynamic  Computational  Methods 
to  the  Design  and  Analysis  of  Aircraft" 

by 


Mr.  A.  L.  daCosta 


The  present  state  of  the  art  in  aerodynamic  design  requires 
extensive  configuration  iterations  through  repeated  wind  tunnel 
t esting  that  is  costly,  time  consuming,  and  relies  heavily  on  in- 
house  experiences  and  expertise.  Significant  advances  have  been 
achieved  recently  in  aerodynamic  computational  methods  which  allow 
calculation  of  flows  around  three  dimensional  configurations  and 
provide  valuable  guides  to  those  seeking  understanding  of  specific 
problems  or  those  pursuing  innovative  design  concepts. 

A great  amount  of  effort  and  emphasis  has  been  placed  on  the 
validation  of  these  methods  and  to  establish  limits  of  their  appli- 
cability. This  paper  addresses  to  the  application  and  validity  of 
aerodynamics  methods  in  the  subsonic,  transonic,  and  supersonic  speed 
regimes  for  solving  flows  about  complex  three  dimensional  configurations , 
including  boundary  layer  effects. 

******* 

Mr.  A.  L.  (Larry)  daCosta  received  his  BS  in  Aeronautical  Engineering 
from  Purdue  University  in  1954,  followed  by  his  MS  degree  also  from 
Purdue  in  1956.  Mr.  daCosta  is  the  manager  of  the  Configuration 
Concepts  Group  in  the  Aerodynamics  Research  Unit  of  the  Boeing  Commercial 
Airplane  Company.  He  was  responsible  for  the  development  of  the 
advanced  military  STOL  transport  (YC-14)  high-speed  configuration. 

Mr.  daCosta  joined  the  Boeing  Company  in  1958.  His  early 
responsibilities  at  Boeing  included  development  of  transonic  and 
supersonic  configuration  concepts  and  two-dimensional  transonic  airfoils. 


LECTURE  DATE;  Monday,  June  27,  1977,  9:00  a.m. 
LECTURE  PLACE:  UTS I Auditorium 
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THE  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 

TULLAHOMA,  TENNESSEE  37388 

Graduole  Education,  Research.  Posldoctorol  Study 
and  Continuing  Education  in  the  Aerospace  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"Limitations  of  Measurements  and  Analysis  in  Non-Equilibrium 
Turbulent  Boundary  Layers,  Including  Separation" 

by 


Mr.  V.  A.  Sandborn 


While  great  strides  have  been  made  in  the  modeling  and  calculation 
of  turbulent  shear  flows,  areas  such  as  severe  pressure  gradient 
boundary  layer  flows  are  at  best  poorly  predicted.  Prediction  of 
these  highly  non-equilibrium  flows  will  depend  on  more  realistic 
models  of  the  turbulence  and  the  mean  flow  than  are  currently  considered. 
A review  of  the  physical  aspects  of  non-equilibrium  turbulent  boundary 
layers  will  be  presented.  Details  of  flow  in  the  region  of  boundary 
layer  separation  will  be  Included.  Both  subsonic,  incompressible  and 
compressible,  as  well  as  supersonic  flows  will  be  covered.  For 
compressible  flow,  it  has  become  evident  that  freestream  mass  flow 
gradients,  as  well  as  the  pressure  or  velocity  gradient  is  important 
in  describing  the  boundary  layer  development. 

******* 

Professor  Virgil  A.  Sandborn,  Professor  of  Civil  Engineering  at 
Colorado  State  University,  holds  a B.  S.  degree  from  the  University  of 
Kansas,  a Masters  degree  from  the  University  of  Michigan  in  Aeronautical 
Engineering.  His  experience  Includes  eleven  and  one-half  years  at  the 
Lewis  Research  Center  of  the  National  Advisory  Committee  for  Aero- 
nautics which  later  became  part  of  NASA.  Prof.  Sandborn  joined  the  CSU 
staff  on  August  1,  1963,  in  the  Fluid  Mechanics  Program  of  the  Civil 
Engineering  Department.  Prof.  Sandborn  has  authored  or  co-authored 
more  than  eighty  technical  reports. 


LECTURE  DATE; 


June  24,  1977,  9:00  a.m. 


LECTURE  PLACE: 


UTSI  Auditorium 
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TULLAHOtviA.  TENNESSEE  37388 

Graduate  Educatlan,  Research,  Pastdactaral  Study 
and  Cantinuing  Education  in  the  Aerospace  Sciences 


UTSI-HOSTED 

AFOSR  SUMMER  DESIGN  STUDY  LECTURE 

"Application  of  Contemporary  Computational  Techniques  to 
Aerospace  Vehicle  Design" 

by 

Dr.  James  Xerlkos 


The  computational  methods  currently  usdd  in  the  design  of  aero- 
space vehicles  will  be  assessed  in  terms  of  their  application  to 
specific  aspects  of  vehicle  sizing.  The  relative  success  in  treating 
slender  supersonic  and  hypersonic  configurations  as  opposed  to  tran- 
sonic and  supersonic  wing-body-tail  configurations  will  be  discussed . 
Representative  computational  methods  will  be  characterized,  pointing 
out  the  seemingly  subtle  differences  in  analyses  that  can  strongly 
affect  the  utility  of  finite  difference  codes.  In  addition  the 
relationship  between  "rapid  design"  aerodynamic  computer  programs 
and  the  so-called  exact  methods  will  be  indicated  by  example. 

******* 

Dr.  Jamex  Xerlkos  serves  as  Branch  Chief  of  Aerodynamics  at 
McDonnell-Douglas  Astronautics  Company  in  Huntington  Beach,  California. 
During  his  academic  training  at  the  University  of  Illinois,  Dr.  Xerlkos 
served  as  Research  Assistant,  Teaching  Assistant,  and  Instructor  in 
the  Department  of  Aeronautical  Engineering.  Joining  McDonnell-Douglas 
in  1959,  Dr.  Xerlkos  joined  the  Douglas  Missiles  and  Space  Systems 
Division  as  a research  specialist  in  fluid  mechanics.  His  subsequent 
positions  included  Chief,  Fluid  Mechanics  Section  Aeromechanics 
Research  Branch;  and  Chief,  Fluid  Physics  Branch,  Physical  Sciences 
Department.  Dr.  Xerlkos  has  directed  Government  sponsored  investi- 
gations treating  a wide  range  of  fluid  mechanic  and  aerodynamic 
topics. 


LECTURE  DATE:  Thursday,  June  23,  1977,  9:00  a.m. 


LECTURE  PLACE:  UTS I Auditorium 
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AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH-SPONSORED 
ASEE-UTSI-SUMMER  DESIGN  STUDY  PROGRAM 
TO  BE  CONDUCTED  AT  THE 
UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE 
JUNE  13-AUGUST  19,  1977 


I.  Objectives 

A.  To  provide  a design  study  experience  on  a realistic  and 
pertinent  engineering  subject  for  the  faculty  participants 

B.  To  ascertain  the  current  status  of  experimental  aerodynamic 
facilities  and  test  methods  and  the  current  status  of 
aerodynamic  computational  methodologies  and  computer  systems 

C.  To  prepare  an  estimate  of  future  developments  in  experimental 
and  computational  aerodynamics  consistent  with  projected 
design  needs  with  special  emphasis  on  the  impact  of  the  next 
generation  of  experimental  and  computational  facilities 

D.  Explore  means  of  obtaining  and  improving  aerodynamic  data 
by  developing  concepts  for  integrated  use  of  computers  and 
wind  tunnels 

E.  To  prepare  for  faculty  participants  to  make  future  contributions 
in  the  area  of  experimental  and  computational  aerodynamics 

II.  Methodology 

A.  A review  of  current  literature  in  the  following  three  areas 
will  be  made; 

1.  Experimental  facilities  and  methodology  for  wind  tunnel 
testing  of  advanced  military  air  vehicles 

2.  State  of  the  art  in  computational  fluid  mechanics  and 
aerodynamics 

3.  Design  trends  of  computer  architecture  and  computer 
implementation  techniques  as  they  pertain  to  computational 
aerod3mamlcs  and  wind  tunnel  testing 

B.  Material  will  be  presented  by  contributors  in  the  three  fields 
under  consideration  to  aid  in  the  understanding  of  computational 
and  experimental  aerodynamics. 

C.  A brief  written  assessment  of  the  current  status  of  the  three 
areas  will  be  prepared. 

D.  A written  estimate  of  future  trends,  capabilities,  and  limitations 
for  the  interaction  between  computational  aerodynamics,  experi- 
mental aerodynamics  and  advanced  computer  design  and  implementation 

E.  Study  participants  will  present  reviews  of  current  technical 
reports  in  the  three  areas. 
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SUMMER  DESIGN  STUDY  PANEL  MEMBERS 


Panel  1;  Experlnental  Methods  in 
Acquisition  of  Aerodynamic  Data 

♦Collins,  Prank  G. 

Garcia,  Sal  R. 

Jones,  Michael 

Tlrres,  Carlos 


Panel  2:  Computational  Methods  in 
Acquisition  of  Aerodynamic  Data 

♦Cheng,  Sln-I 

Chambless,  Donald  A. 

Jacocks,  James  L« 


Source  of  Higjiest  Degree 

University  of  Califomia- 
Berkeley 

Texas  A &.M  University 

Morth  Carolina  State  Unlv. 

Air  Force  Institute  of 
Technology 


Source  of  Highest  Degree 
Princeton  University 

Tulane  University 

University  of  Tennessee 
Space  Institute 


Virginia  Polytechnic 
Institute 


Organization 

Aerospace  Engineering 
DTSI 

Tullahoma,  TN  37388 

Maritime  Systems  Engrg. 
Moody  College 
Galveston,  TX  77553 

School  of  Engineering 
UT-Chattanooga 
Chattanooga,  TM  37401 

Engineering  Division 
Motlow  State  Community 
College 

Tullahoma,  TN  37388 


Organization 

Princeton  University 
Department  of  Aero- 
space Engineering 

Auburn  University  at 
Montgomery 

Mathematics  Department 
Mongtomery,  AL  36117 

Senior  Engineer 
PWT/ARO,  Inc. 

Arnold  APS,  TN  37389 

Tenn.  Tech.  University 
Engineering  Science  Dept. 
Cookeville,  TN  38501 


Area  of  Interest 
Aerospace  Engineering 

Engineering  Systems 

Mechanical  Engineering 

Aerospace  Engineering 


Areas  of  Interest 
Aerospace  Engineering 

Mathematics 

Aerospace  Engineering 

Engineering  Mechanics 


Sahal,  Vlresbvar 
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Panel  3:  Computer  Developments  for 
Support  of  Acquisition  of  Aerodynamic 
Data  ^ 

*Homfeck,  William  A. 

Broome,  Lesunda  Eugene 

Cunningham,  J^es  R. 

Dick,  Gregory  M. 


Technical  Director 
Marschner,  Bernard  W. 

Project  Adm-tn-istrator 
Young,  Robert  L, 


I 

Source  of  Hl5;he3t  Degree 
Auburn  University 


University  of  Houston 


University  of  Plorida 


Stanford  University 


Organization 

Electrical  Engineering 
Program 
Gannon  College 
Erie,  PA  16501 

Mathematics  Dept. 

Moody  College 
Galveston,  TX  77553 

School  of  Engineering 
UT-Chat  tanooga 
Chattanooga,  TN  37401 


Areas  of  Interest 
Electrical  Engineering 

Mathematics 

Chemical  Engineering 


University  of  Pittsburgh,  Electrical  Engineering 
Johns toun 

Division  of  Engineering 
Technology 
Johnstovm,  PA  15904 


California  Institute  of 
Technology 


Department  of  Computer  Computer  Systems/ 
Science  Computer  Analysis 

Colorado  State  University  . 

Port  Collins,  CO  80523 


Northvestem  University  Associate  Dean  Mechanical 

The  University  of  Tennessee  Engineering 
Space  Institute 
TuUahoma,  TN  37388 


Secretarial  Assistance: 


Lois  A.  Stooksbury  . 

Editorial  Assistance: 
Peter  C.  MacNichols. 


A.  S.  (in  progress) 

Motlow  State  Community  College 
Tullahoma,  Tennessee 


A.  B.,  Missouri  Valley  College 
M.  A.  (English)  Middle  Tennessee 
State  University 

Editor,  Technical  Publications 
ARO,  Inc. 

Arnold  Engineering  Development  Center 
Arnold  AES,  TN  37389 
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